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General Part *). 

A. Introduction. 

A comprehensiTe theory of biological oxidation catalysis is being developed on 
the basis of two theories which only a few years ago were considered incompatible* 
We refer to the theories of Otto Warburo and of Heinrich Wiebanb. The battle 
cries ^activation of hydrogen’* and ^activation of oxygen” have lost much of their 
significance dne to the progress made in our understanding of the underlying mecha- 
nisms. Strictly speaking, neither an activation of hydrogen nor of oxygen occurs 
in biological oxidation. Both terms are eliminated in an exact description of the 
mechanism. However, they may be retained as a matter of convenience for the purpose 
of describing certain important relationships. 

If a mere description is intended it would be more correct to call the better known 
biological oxidations dehydrogenation catalyses instead of oxidation catalyses. 
In all of these processes — a few rather obscure instances excepted — a transfer of 
hydrogen takes place. Theoretically it does not matter whether molecular oxygen 
or another chemical compound functions as the acceptor of the hydrogen. This con- 
clusion is important because it adds the concept of theoretical uniformity of the 
mechanism of such reactions to the recognition of the biological uniformity of 
dehydrogenation without oxygen (anoxybiosis) and dehydrogenation with oxygen 
(oxybiosis). Theoretically it is of secondary importance, whether the acceptor of 
the hydrogen is autoxidizable, i.e. capable of further transfer of the hydrogen to 
molecular oxygen as the acceptor; or whether it is not autoxidizable, i.e. capable of 
hydrogen transfer to other chemical compounds; or whether the system may utilize 
both types of acceptors. The point of primary importance is the hydrogen transfer 
itself, representing the disturbance of an equilibrium whereby the hydrogen of an 
organic compound, called the donator, is first labilized and then shifted to another 
compound, the acceptor, in accordance with a thermodynamic potential. If the 
acceptor is molecular oxygen, ultimate oxidation via hydrogen peroxide to water 
takes place; if the acceptor is another chemical compound, anoxybiontie reactions 
occur which we call oxido-reductions. 

Processes of both kinds may occur spontaneously, i.e. without catalysis, if the 
thermodynamic potential driving the general reaction 
^ DHg + Acc-^'D ■+' AccH^"'-.'; 

is not opposed by kinetic hinderances. In case the reaction proceeds too slowly it 
may be catalysed by inserting new reactants which speed up the process and which 
thereby function as catalysts. The general equation becomes: 

The whole subje<^ has been reviewed in detail by v. Euler (288) and by Oppenheimer (905). 
Important special aspects are treated in the publications (1169, 1171, 1873, 1874, 974, 105, 100, 
908, 904, 1802, 804). 

Oppcttiieliserf^Stera,'' Biological ''Oxidation* ■ 
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T)TT^ Cat — >■ D Cat Hg -f- Acc — >■ D -f- Cat -)- AccH^ .... (2^ 

It follows that in each case the catalyst must represent areversible oxidation- 
reduction system. It must be able to accept readily hydrogen from the donator in 
accordance with the natural thermodynamic potential and to give it off just as readily 
to an acceptor of higher potential. By virtue of this cyclic change from the oxidized 
to the reduced state and back to the oxidized state the catalyst eliminates the inherent 
kinetic obstacles in the system and promotes the completion of reaction (1) in accor- 
dance with the laws of thermodynamics. 

Later it will be shown that there exist certain relationships between thermodyna- 
mics and kinetics. Here it may suffice to mention that a thermodynamic potential 
which is too steep may inhibit the reaction and may require the interposition of 
oxidation-reduction systems of intermediary potential range as catalysts. Certain 
products of sugar decomposition, for instance, which possess a strongly negative 
potential are unable to yield hydrogen directly to molecular oxygen or to the strongly 
positive hemin systems. A whole series of catalysts with graded potentials is required 
in this case to permit the hydrogen transfer from the sugar to oxygen via the hemin 
systems. 

The reaction scheme (2) represents the general mechanism of dehydrogenation 
catalysis. In order to achieve complete oxidation it is necessary for the hydrogen to 
be ultimately received by an autoxidizable redox system which in turn reduces oxygen 
fco hydrogen peroxide: 

DHa + Cat->D + Cat Hj + Oj-^D -f Oat -f HjOg. 

Hydrogen peroxide is then transformed into water either by simple (“catalatic”) 
decomposition or by subsequent hydrogenation. 

The greatest obstacle preventing a merging of the theories of Waebxjeg and 
WiBiiAND was Wibband’s conception that dehydrogenation catalysts were specific 
only with respect to the donator but not with regard to the acceptor (hydrogen peroxide 
excepted (p. 34)). In other words, once the hydrogen is “activated”, it should go 
to any acceptor including molecular oxygen. Subsequent experiments from the school 
of WiBLAND, notably those of Bbetho, have shown that the dehydrogenases of 
WiELANB are not only “donator-specific” but also “acceptor-specific”; only such 
catalysts which have an affinity for oxygen, and are therefore autoxidizable systems, 
may effect terminal oxidation. The postulate of Waebueg that only certain systems 
can effect the ultimate oxidation is therefore justified. Today we know that the most 
important autoxidizable catalyst of living cells is the respiratory ferment of Waebueg. 

The reconciliation of the two theories includes the polemics concerning certain 
definitions. Strictly speaking there exists neither primary “activation” of hydrogen 
nor of oxygen. If we express oxido-reduction in terms of electron changes, the “acti- 
vation” of the hydrogen consists in the labilization of hydrogen and subsequent libe- 
ration of an hydrogen ion (proton); the corresponding electron is taken up by the 
acceptor which is thereby reduced. The “activation” of the oxygen, on the other hand, 
consists in the charging of the oxygen molecule with two electrons which serve as 
the points of attachment of the liberated hydrogen ions: 

DH^ -f Oa-^D 4- 2 H+ + 2 s -f- Og-^D -f -0—0- + 2 H+->D -f H^O^*). 


♦) The symbol 0 — 0~ is meant solely to indicate the charging of the oxygen; it does not imply 
a suggestion as to the physical meaning of this type of charge. 
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Both processes are coupled inseparably: Ultimate oxidation is' achieved by simul- 
taneous s^activation” of both hydrogen and oxygen. 

It may be of interest to imention briefly at this point,, that 'formerly ,, activation 
of oxygen’’’ was conceived quite differently -and that Warburg, initially reckoned with 
such an activation by his iron systems. We refer to the process of activation via metal 
peroxides. Such a primary activation of oxygen by a rearrangement of the inert molecule 
O 2 to — 0 — 0— may undoubtedly occur in certain instances, e.g. during the catalytic 
hydrogenation of molecular oxygen. In this way inorganic and organic substances of 
strongly oxidizing character may arise. However, this process is certainly not of 
decisive importance in biological reactions. Firstly, it is not known whether a catalysis 
is possible at all in this manner or whether only induced oxidations are thereby carried 
, out. Furthermore, there is little indication that such reactions are essential for vital 
oxidation, e.g. of double bonds of unsaturated fatty acids. 

In principle, therefore, the biological decomposition of metabolites may be 
uniformly described as consisting of a sequence of identical reactions. Hydrogen is 
transferred from one donator to the first acceptor, and from the latter to another and 
a third and a fourth acceptor, until in one case the hydrogen, still in organic linkage, 
comes to rest in a stable system, e.g. in the form of lactic acid or ethyl alcohol, presen- 
ting the picture of pure Anoxybiosis; or else, until at one point molecular oxygen comes 
into play with the aid of an autoxidizable system. In this case the hydrogen ends up 
as water after it has gone through the intermediary stage of hydrogen peroxide. This 
is the case of complete Oxybiosis, i.e. of complete combustion. 

The successive hydrogen transfer proceeds in a continuous fashion. The conception 
of catalysts themselves as nothing but interposed acceptors which receive hydrogen 
and hand it on to the next acceptor is important. Formerly we used to speak of decom- 
position products and of steps of decomposition; we considered the catalysts simply 
as promotors of such reactions. Today we know that the catalysts represent acceptors 
in the same sense as the decomposition products, the only distinction being by defini- 
tion that the catalysts are not eliminated in the course of the process but are con- 
stantly regenerated by the oxidation-reduction cycle. This suggests a novel possibility: 
at a certain position of the equilibrium, e.g. at a certain potential level, a decom- 
position product arising in the course of metabolism may temporarily function as a 
catalyst by virtue of its character as a reversible redox system, until the conditions 
of environment change and the substance becomes once more a metabolite undergoing 
further degradation. This persisting of a ^^metabolic catalyst’’ may be static or dynamic 
in nature; a certain amount of this substance may persist for a certain length of time 
or else it may be rapidly decomposed and ah equivalent amount may arise anew in 
the decomposition process. We are dealing here with the class of non-enzymatic 
catalysts of the living cell. They are non-enzymatic because they are simple compounds 
without a colloidal bearer. However, there are transitions from non-enzymatid cata- 
lysts over doubtful intermediary forms to classical enzymes, e.g. the dehydrogenases 
or the respiratory ferment. Examples of non-enzymatic cell catalysts (see the review 
by Kisch 571)) are natural quinoid pigments like pyocyanine, chlororaphine, toxo- 
flavin, and also fumaric acid (Szbnt-Gyorgyi 1126)), ascorbic acid, or thiol com- 
pounds like glutathione. If it is shown that such a compound is only active in combina- 
tion with a colloidal bearer, the system becomes an enzyme by definition. Such inter- 
mediary forms are called 'Witazymes” and ^^hormozymes” by Euler (details on 
p. 87). 
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Considering biological oxidation from the standpoint of energetics we find that 
the hydrogen in the course of its transfer follows a path prescribed by the thermody- 
namic potential; starting at a high reduction potential level it sinks to a low level, 
loosing constantly free energy and performing as much work as possible in accordance 
with the energy requirements of cell metabolism. The energy is liberated by the chain 
of coupled reactions which we call oxido-reduction processes. Dehydrogenation, i.e. 
separation of hydrogen from a donator, in the physiological temperature range is 
almost always an endothermal process. Only its coupling with hydrogenation yields 
an over-all reaction with liberation of energy *) (See Oppbnhbimbe 903) , p. 1287). 

As far as these individual reactions may be conceived as isothermal and reversible 
processes, their free energy changes may be expressedin terms of redox potentials. 
Considerable data have been obtained permitting a certain insight into the sequence 
of oxido-reductions. The process may begin at strongly negative potentials, i.e. with 
substances of high reducing power like products formed from sugars. Eedox systems of 
suitable potential range are provided as catalysts. They hand over the hydrogen to 
redox systems of less negative potential. Gradually the normal potential of zero 
(at ph 7) is reached and passed, and the positive range is entered. 

In anoxybiontie metabolism, no high potential levels are attained. The transition 
to redox systems of strongly positive potential is usually preparatory to the partici- 
pation of molecular oxygen, i.e. to oxybiosis. Here the last intermediary systems of 
positive potential range, especially the cytochromes and the respiratory ferment come 
into play. The latter, being an autoxidizable system, is capable of yielding the hydrogen 
to molecular oxygen, thereby terminating the chain. The last step liberates the large 
amount of free energy corresponding to the combustion of hydrogen to form water. 
This, in the last analysis, appears to be the ultimate aim of cell metabolism. 

The uniform character of biological breakdown finds it counterpart in the uniform 
character of the enzymes promoting it, of the Oxidoreducases. Wibland, in 
placing emphasis on the detachment of hydrogen from a specific donator, calls them 
Dehydrases, lately occasionally also Hydrokinases. The classical term Oxidases 
would appear doomed to sink into oblivion, unless an attempt is made to fill the old 
name with a new and theoretically sound meaning. We have seen that those systems 
which promote the hydrogenation of molecular oxygen must be autoxidizable; in 
some cases, e.g. in that of the respiratory ferment of Waeburg, they will react exclu- 
sively with molecular oxygen. Such enzymes as well as those which act by primary 
activation of oxygen via peroxide formation might perhaps properly be called oxidases. 
Such a course would involve the renaming of certain enzymes which formerly were 
designated as oxidases, e.g. succinic oxidase. It may, then, be advisable to differentiate 
between dehydrases (dehydrogenases) and oxidases as the two subgroups of the hy- 
drokinases, using their acceptor specificity as the criterion. 

' While oxidoreductases of all kinds cover the main chain of events concerned with 
the hydrogen transfer and hydrogen fixation, other enzymes, too, form a part of the 
desmolytic mechanism. Firstly, an enzyme is required for the production of carbon 
dioxide from preformed molecules resulting from extensive dehydrogenation. In the 
ease of the plant cell and of the microorganisms this is achieved with the help of 


*) At high temperatures the equilibrium is shifted. The same metal catalysts which hydro- 
genate at low temperatures act now as dehydrogenases and liberate hydrogen. Bacteria may likewise 
form free hydrogen. The enzymes responsible for this phenomenon have only recently been studied. 
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carboxylase. In the case of the animal cell the origin of carbon dioxide as an end- 
prodnct of metabolism is still partly obscure. Furthermorej we find catalase 
in all respiring cells. It has been claimed that catalase has the task of destroying 
hydrogen peroxide which arises as an intermediate product of metabolism. This is 
purely hypothetical in view of the fact that no formation of hydrogen peroxide in the 
cells of higher organisms has as yet been demonstrated. In addition, some auxiliary 
systems are required in desmolysis. Certain products of dehydrogenation reactions 
which can no longer be attacked in a direct manner must be hydrated previous to further 
breakdown. The best known Hydratase is the strictly specific Fumarase which 
transforms fumaric acid into malic acid. Also in the case of intermediary formed al- 
dehydes hydratation represents a very important phase of desmolysis; the Cannizzaro 
reaction with aldehydes is a dismutation to alcohol and carboxylic acid. It is not quite 
clear as yet whether the enzymes concerned here, the mutases, are simple hydratases 
or whether they are also oxidoreducases which dehydrogenate one molecule of al- 
dehyde at the expense of another aldehyde molecule as the donator. There exist other 
enzymes for special functions: Aspartase which catalyses the equilibrium reaction 
Fumaric acid + Ammonia Aspartic acid, 
enzymes promoting the formation and the dissolution of carbon - carbon bonds.e.g. 
Oarboligase and Aldolase (at first called Zym ohex a se) which catalyzes typical 
alclol formation from aldehydes up to a certain equilibrium point, especially the equili- 
brium between phosphorylated trioses and hexoses. Finally, there are some complex 
enzyme systems in bacteria which operate with molecular hydrogen (Hydrogenase, 
etc.) and with free nitrogen (Nitrogenase), e.g. in the process of nitrogen fixation. 

Anoxybiosis and Oxybiosis, Fermentation and Eespiration, are not two different 
processes but only two stages of one process. Which of these two stages exists in a 
cell depends on external factors (presence of oxygen) and internal factors (presence and 
activity of autoxidizable catalysts like the respiratory ferment). The phenomenon of 
the Pasteur-Meyerhof effect, i.e. the suppression of fermentation upon admitting 
oxygen to cells capable of respiration, is evidence of the existance of a coupling link 
beWeen oxybiosis and anoxybiosis. This effect has been interpreted by Meyerhof 
as a measure of energetic economy: many more substrate molecules must be split in 
anaerobiosis than in aerobiosis to obtain the same amount of free energy. Upon ad- 
mittance of oxygen a part of the large amount of energy made available by the oxida- 
tion of a few split products is utilized for the resjmthesis of the rest to the original sub- 
strate (carbohydrate). Eeeent work (cf. Burk 1571))) indicates that the oxygen tension 
rather than the respiration is the decisive factor in the suppression of fermentation 
under aerobic conditions. Furthermore, in most instances, the decrease in the formation 
of fermentative end products in air appears to be due to an actual diminution of 
fermentation rather than to an increased re synthesis.. 

At least as far as the breakdown of carbohydrates is concerned, the uniformity in 
principle of the metabolism of all types of cells, whether animal, plant or microorganism, 
may be accepted as proved. 



B. Theories of Oxidoreduction. 

I. General. 

1) Historical: 

In order to understand the simplification which has been achieved in the theory 
of oxidoreduction in recent years it will be necessary to sketch briefly the fundamental 
conceptions which form the basis of these developments. 

WiBLAND has built his theory of catalytic dehydrogenation around the fact that the 
catalytic forces attack primarily the hydrogen of the substrate. It is rendered labile 
and thus enabled to follow the trend of the thermodynamic potential in such a manner 
that the hydrogenation of the acceptor yields more energy than is required for the 
dehydrogenation of the substrate (donator). It is assumed that during this process 
donator as well as acceptor are adsorbed on the surface of the catalyst. The mechanism 
is essentially the same whether the reaction is brought about by unspecific or mildly 
specific catalysts of known constitution, e.g. metal surfaces, or by specific biological 
catalysts, i.e. enzymes. It is further assumed that the specificity of these catalysts, 
called dehydrases (hydrokinases) depends entirely on the structure of the organic 
radical containing the hydrogen subject to labUization. Therefore the dehydrases 
are named after the effective donator which may be for instance an aldehyde, succinic 
acid, hydroxy acids, or a purine base. No acceptor specificity is assumed. Any thermo- 
dynamically permissible acceptor, also oxygen, will do. Only a few acceptors are 
excepted in the case of normal biological catalysts, e.g. peroxides with the inclusion 
of hydrogen peroxide and disulfides. This concept encompasses the ultimate oxidation 
of hydrogen to water with the intermediate formation of hydrogen peroxide. 

The validity of this scheme for the state of anoxybiosis has never been seriously 
questioned. The fight between the schools of Wibland and Warbubo revolved around 
the question of the ultimate oxidation and of oxidation by oxygen in general. Originally, 
Warburg did not recognize an “ultimate” oxidation; the oxygen was thought to attack 
the substrate immediately in all types of biological oxidations. The primary pheno- 
menon was the “activation” of oxygen, occurring with the aid of iron. The iron content 
of the organic catalyst was taken as the only important feature. Molecular oxygen 
cannot attack organic compounds directly: always the ferrous iron of the catalyst 
is converted into a state of higher oxidation. The latter represents “oxygen in active 
form” which is capable of oxidizing the substrate. The proof for the decisive importance 
of iron was seen in the specific inhibition of the reaction with molecular oxygen by 
hydrocyanic acid. Iron forms stable complexes with this inhibitor. [Certain instances 
of non-inhibition by HON have already been observed by Warburg, for instance in 
the case of the respiration of the alga Chlorella.] Warburg rejected Wierand’s idea 
of an oxidation of “activated” hydrogen by “non-activated” oxygen, and the acti- 
vation of hydrogen altogether. He admitted only the possibility of an unspecific 
„activation” of the entire substrate molecule by the surface forces of the catalyst. 
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However^ if we look into this matter from a chemical point of view such a non-specific 
activation can hardly be, anything else but the provision of ‘‘available’' hydrogen; 
Warburg’s model reactions (e.g. the oxidation of cysteine on charcoal) are actually 
dehydrogenations. The mere fact that many catalytic oxidations with molecular 
oxygen are highly specific with respect to the substrate is sufficient proof that 
the primary step in the catalysis occurs within the substrate molecule, i.e. at 
the hydrogen atoms of the substrate. The oxidation of succinic acid to fumaric 
acid by molecular oxygen, as catalyzed by succinic dehydrogenase, is a suitable 
example. But even if the necessity for an “activation” or labilization of hydrogen for 
the case of oxidation by molecular oxygen is admitted, the original theory of Wiblanb 
is unable to explain this “ultimate” oxidation. The postulate of the free acceptor 
choice by “activated” hydrogen is untenable. The claim of Warburg that a new 
type of catalysis with the participation of iron intervenes at this stage was irrefutable. 
Wieland was unable to explain satisfactorily the effect of hydrocyanic acid. The same 
holds for the special role of the peroxidases. The interpretation by Wieland that they 
are probably phenol dehydrogenases which show an acceptor specificity for hydrogen 
peroxide punctures his postulate of free choice of acceptors. Finally, the well known 
fact that during fermentation in presence of air the “active” hydrogen of fermentation 
does not combine with oxygen but with the thermodynamically much weaker acceptor 
acetaldehyde refutes the claim that activated hydrogen may readily and under all 
conditions combine with molecular oxygen. 

Several years ago it was pointed out by Oppbnheimbr 903) that Wieland ’s 
theory is deficient in this respect and that Warburg was justified in postulating a 
special mechanism for oxidation by molecular oxygen, namely catalysis via iron 
systems. Oppbnheimer made an attempt to reconcile the two theories By assuming 
that both reactants, hydrogen as well as oxygen, must be “activated” in order to 
react with each other. The activation by iron according to Warburg was then con- 
sidered to be the most important form of oxygen activation. However, it was thought 
possible that any other form of “activated” oxygen would do, e.g. peroxides like 
hydrogen peroxide or organic peroxides as well as the quinoid “respiratory pigments” of 
Pallabin. This view was soon afterwards accepted in principle by Hopkins 497) and 
by Eapkinb and Wurmser963). 

Subsequent developments have changed this conception of the subject with respect 
to details. The question as to how oxygen is activated is no longer to the point inasmuch 
as Warburg has provided a quite different interpretation. Furthermore, Wieland 
has given Tip his theory of the free choice of acceptor; instead he believes that the 
dehydrogenases are only able to transfer hydrogen to oxygen if they have a special 
affinity for oxygen as well as for hydrogen, i.e. if they act in a sort of ternary system. 
This development of fundamental importance will be dealt with in detail on p. 34. 

3) General Theory of Oatalysis by Oxido-Reduction. 

Before we undertake to draw a picture of this type of catalysis it is appropriate 
to emphasize that there are two essential reservations in the title. Firstly, it does 
not read “oxidative” catalysis but purposely “catalysis by oxido-reduction”. This 
means that no attempt is made to explain all of the phenomena in this field. The 
so-called peroxide catalysis, i.e. the “oxygen activation” in the more restricted and 
more or less historical sense of Englbr-Baoh-Manohot will deliberately be omitted 
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from this sketch. It will be discussed in detail on p. 118. Secondly, the theory is called 
"general”, because many important points are not yet elucidated though the leading 
workers have reached an agreement on certain fundamentals. 

The theory to be outlined here does not lay claim to absolute correctness. It is 
to be taken as a working hypothesis; it is subject to changes in accordance with 
evidence forthcoming in future work. 

The general theory begins with the movement of the hydrogen. It goes 
to a catalyst representing a reversible redox system; the catalyst, thereby being 
reduced, is the first hydrogen acceptor in the chain. It is in turn dehydrogenated by 
a thermodynamically stronger system. If the latter is to be molecular oxygen, the 
special condition must be satisfied that the reduced form of the catalyst must be 
autoxidizable. 

a) Dehydrogenation and Hydrogenation as Electron Shifts. 

Every oxidation is by necessity coupled with a reduction, every dehydrogenation 
with a hydrogenation. The fundamental reaction 

DH^ + Acc — > D + AccHj 

is independent of the kind of donator or acceptor; the acceptor may, of course, be 
molecular oxygen. The over-all process is nothing but a redistribution of the electrons 
within this system. For the purposes of the exposition of the general theory we shall 
retain, for the present, Wieland’s assumption of simultaneous transfer of two 
hydrogen atoms. The increasing importance of two-step reduction and oxidation, i.e. 
of transfer of unpaired electrons, will be discussed on p. 100. 

The reader need hardly be reminded that oxidation of a reactant is equivalent 
to loss of electrons, and reduction to gain of electrons. In the case of “simple” oxidations 
this statement covers all of the events. If we take the case of oxidation of ferrous to 
ferric iron 

Ee++(Cl-)2 + % Cl2 -->Pe+++(CI-)3 

the Ee++-ion yields one electron to the neutral chlorine atom, is thereby oxidized 
to Fe+++-ion and can now bind the freshly charged 01-ion. However, if we are dealing 
with dehydrogenation processes the electron shift is accompanied by H+-ion shifts. 
Hydrogenation consists in transfer of entire hydrogen atoms, i.e. of H+ -f- s. In case 
the H-atom is already bound in ionized form, the preformed ion together with the 
electron are simply transferred to the neutral atom to be hvdrogenated, for example 

S=(H+)2 + l2->2 I-H- + 8.“ 

Similarly, in polyphenols the hydrogen is bound in a dissociable manner so that it 
may easily be given off resulting in quinone formation (See below). Lately this case 
has acquired interest from the enzymatic standpoint with reference to the activation 
of molecular hydrogen: Stephenson and Stickland 18) have discovered an enzyme 
in bacteria, called Hydrogenase, capable of transferring molecular hydrogen to 
various acceptors. This enzyme is, then, a true reducase as contrasted to the oxido- 
rcducases. It is responsible for the long known uptake of free hydrogen by micro- 
organisms and also for the utilization of nascent hydrogen produced by the action 
of other enzymes, the Hydrolyases, With respect to the mechanism of action of 
hydrogenase it may be mentioned that hydrogen peroxide which is formed by aerobic 
organisms (e.g. Acetobacter peroxydans) which are devoid of catalase may function 
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as aoeeptor of this hydrogen (Wieland 1321)); in anaerobiosis carbon dioxide may be 
the acceptor. B. coli act towards HD like platinum , black insofar as they rearrange it 
in presence of water to + HDO (Cavanach et al. 165)). 

In ordinary dehydrogenation reactions with organic' compounds the hydrogen 
atoms subject to transfer are bound not in ionized state but as atomic hydrogen. 
Here, the reaction must therefore begin with the labilization and . subsequent ionization 
of the hydrogen, thus enabling the electrons to combine with the acceptor and charge 
it negatively. This in turn, renders the acceptor capable of binding the H+-ions. 
This uptake may result in a polar nature of the hydrogen with respect to the 
rest of the molecule; or else the hydrogen may be bound in ionized form. The dehy- 
drogenation of succinic acid a quinoid pigment, here symbolized as quinone 
itself, may serve as an example: 


CHg-COOH CH-COOH 
j — > II +2 

CHa-COOH CH-COOH 


0 

~ o-~ 

H+ 

/Si 

/\ 


2 s -f — > 

1 1 


\/ 

1 

\/ 

1 


I 

0 

1 

0- 

H+ 


Of course, the hydrogen may also come to rest in a more stable type of bond, in 
truly main valency linkage. In that case the whole hydrogen atom, + s, is transfer- 
red as a unit. This occurs, for instance, if acetaldehyde is changed into ethyl alcohol 
by the uptake of 2 H from some kind of donator: 

DH^ + CH3-CH0-~>D + CHg-CH^OH. 

Finally, this is also true if molecular oxygen is the acceptor. In this case water is the 
little dissociating end product, hydrogen peroxide in which the hydrogen is linked in 
a strongly polar manner being the intermediate. The change from the neutral oxygen 
molecule to the charged ionized oxygen is the important feature, e.g. in the spon- 
taneous dehydrogenation of leuco dyes by air. The reduced form of the dyestuff may 
again be represented by hydroquinone: 

■ 0“””! H+ 0 


/\ 

I I 

\/ 

I 

0 - 


H+ 


/\ 

11 !l 

\/ 

i 
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+ 2 H+ + 2 s + Og ^ H+'-O— 0--H+ 


A second molecule of hydroquinone furnishes another 2 H+ + 2 s: 

H— 0— 0— H + Ha -j- 2 HaO. 

This acquisition of a charge by the oxygen is always preceded by a close approach 
of the oxygen molecule to the substrate, whether we are dealing with a spontaneous 
process (autoxidation) or with a catalytic oxidation. In extreme cases this mutual 
contact may lead to peroxide formation involving chemical bonds to the. oxygen 
molecule. Due to the intimate contact with the substrate the 0= 0 molecule presu- 
mably suffers a deformation which lowers its energy of activation. The oxygen is there- 
by rendered more reactive. This first act might be called “activation of oxygen” 
if it occurs in a catalysis, i.e. at a surface. In this sense even Wieland 1301) has no 
objection to this term. Here we have a primary step common to all theories: The 
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addition of — 0 — 0 — takes place in any event, whether the result be a hydrogenation 
with subsequent splitting off of hydrogen peroxide or whether an organic peroxide 
is formed (for details see p. 14). 

For these fundamental considerations the particular nature of the acceptor does 
not matter. All that is sequired is, 1) it should be capable of taking up hydrogen, 
2) the over-all reaction should yield free energy, 3) the acceptor should have affinity 
for the donator-catalyst system (p. 34). 

It has been known for a long time that besides the quinoid dyestuffs other sub- 
stances of various types, e.g. nitrates or chlorates, may act as acceptors. Due to the 
recent attempts to discover the nature of the enzymes active in bacterial reduction 
processes this aspect has acquired renewed interest. It has been shown that the various 
thermodynamically possible acceptors are biologically differentiated in a strange manner. 
The animal cell is incapable of utilizing a number of acceptors which bacteria use with 
the greatest of ease. According to Burk 23) the fixation of molecular nitrogen is brought 
about by an enzyme system called Azotase; an enzymatic component, Nitrogenase, 
transfers active hydrogen to molecular nitrogen. The reduction of nitric oxide, NO, to 
nitrous oxide, NgO, by a biological system consisting of the yellow enzyme and hexo- 
sephosphate has been described by Meyerhof 799). Whether this is a true catalysis 
or some other mechanism is not yet clear, inasmuch as NO may be reduced readily 
without a catalyst, e.g. by leuco dyes; the reduction by pyrogallol, however, requires 
the presence of palladium (133)). The reaction is strongly exothermal ( A U = — 51,000 
cal.). The mechanism of the reduction of organic sulfur compounds to hydrogen sulfide 
by an enzyme found by Tarr 1139) is likewise still obscure. In any event, it is a des- 
molytic process, probably a reductive scission of the carbon-sulfur linkage by activated 
hydrogen. An amino group in the substrate appears to be necessary for the reaction.*) 
Similarly, hydrogenations of inorganic sulfur compounds have been observed, e.g. 
that of sulfate at the expense of ethyl alcohol which is dehydrogenated (Baars 49)). 
In the course of this process, as brought about by Vibrio desulfuricans and Vibrio 
Bubentschicicii, hydrogen sulfide is formed. This and similar reactions have been 
discussed by Kluyver 577). The ethyl alcohol is quantitatively transformed into 
acetic acid. Analogous results have been obtained by Stickland 1101) and Tabs 1139). 
It is possible that the Ehodanese of Lang 695) belongs to this group. This enzyme 
is present in preparations obtained from animal tissues. It synthesizes rhodanide 
from hydrogen sulfide and hydrocyanic acid; the former originates from thiosulfate 
as the donator. 

The biological reduction of nitrate by bacteria is catalyzed by a carbon monoxide- 
sensitive iron system (Qijastel 944)); the cyanide-inhibition of the enzyme is well- 
known. The enzyme has not yet been isolated It is also of interest that COg (or rather 
H^COg) may be an acceptor in biochemical reactions. It is reduced by molecular hy- 
drogen to form methane with the aid of Hydrogenase (1070)).**) This reaction had 
previously been observed with living bacteria. Hydrogen sulfide is used by sulfur 
bacteria as donator for the photochemical reduction of COg. In this respect it is impor- 
tant that Wassermann 1283) has observed a rapid decomposition of HgS by an 
iron system plus hydrogen peroxide. A rather complete biological oxidation system 
has been found by Barker 71): methane bacteria form methane from COg at the 

*) The existence of an enzyme, called Cysteinase, which forms HgS from 1-oysteine, has now 
been demonstrated in B. coli (Desnubi.lb and Fbomageot, Enzymologia, 6, No. 1 (1939)). 

**) See, however, Oppenhbimeb’s “SUPPLEMENT”, p. 1699. 
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expense of alcohol which is dehydrogenated to acetic acid. The question is whether 
free hydrogen is formed as an intermediate. It is true that enzymatic formation of 
free hydrogen by hydrolyases has been observed, e.g. in the case of B. coli which 
dehydrogenate formic acid to COg and Hg (Stickland and Stephenson 1070)). 
Methane formation has been observed also in this instance, probably by reaction of 
the two reactants in statu nascendi. Otherwise, Hg is released as such, without any 
acceptor; this is probably due to the negative potential of the coli bacteria. The 
hydrolyases are not identical, one enzyme of that group forms hydrogen from glucose; 
the hydrolyase, specific for formic acid, is different from formic acid dehydrogenase 
which will not act without an acceptor. The hydrolyase action is reversible (Woods 1344)). 

Electron Pormulas: An attempt has been made recently, especially by E. 
Muller 843), to represent the activation of hydrogen, i.e. the labilization of the 
electron, more in detail on the basis of the octett theory. His formulas are based on 
the assumption that the substrate exist not only in its normal or stable configuration 
(A) but also in an electron isomer form (B) in which the hydrogen atoms later subject 
to dehydrogenation are already present in labile form. Labile is used in the sense that 
they are linked only through one electron so that thej?- are already polar and almost 
/'ionized”. This conception of labile hydrogen is a quite familiar one nowadays; hy- 
drogen peroxide is an example (see p. 22). 

This question has been treated in detail by Franks (cf. 288)), One of the formulas 
discussed by him, relating to4he dehydrogenation of alcohol, follows: 

H H H H H H 

....... ■ . . . . jj . 

H:C:C;0: ^ HrCrOiO: + Acc-^H:C:C: :0 + Acc 

•• • - •• H** 

H H H H H H H 

A B 

For another formulation, based on the number of oxidation steps, see Jiroensons 503) . 
b) Energetics and Eedox Potentials. 

The coupling of oxidation-reduction reactions is required from the standpoint 
of energetics: the over-all reaction dehydrogenation-hydrogenation, like all other 
chemical reactions, is a spontaneous process if it yields free energy. But in all cases 
which are of interest here, the dehydrogenation, i.e. the ionization and detachment of 
hydrogen, is not spontaneous but requires the input of free energy '^). The process is 
possible under biological conditions only because the hydrogenation, i.e. the acquisi- 
tion of a negative charge by the acceptors and the attachment of hydrogen atoms, 
yields more free energy than is consumed by the dehydrogenation. Thus the reaction 
may serve the energy production by the living cell, by utilizing the free energy of 
hydrogen in a gradual manner. Of course, if the ultimate oxidation of hydrogen is 

*) An exception is the dehydrogenation of aldehyde hydrates to oarhoxyiio acids which 
proceeds spontaneously as Wibland demonstrated in 1912. The (h 3 rpotheticai) hydrate of acetalde- 
hyde decomposes spontaneously without an acceptor when brought in contact with palladium. 
The claim of Wieland that hydroquinone is also dehydrogenated to quinone by palladium black 
has recently been refuted by Gillespie and Lin 403) both on thermodynamical and on experimental 
grounds. The reduction of GO^ by hydrogenase systems which we have mentioned above is an apparent 
exception. But this reaction does not occur with the intermediary formation of aldehydes and it is 
exothermal owing to the accompanying formation of water. The alleged reduction of butyric acid to 
butyl alcohol during feimentation should likewise be a coupled reaction. 
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effected by molecular oxygen, the entire energy of the combustion of hydrogen to 
water is released at once. 

:This is the content of the postulate of Wieland’s theory (see p. 108) according 
to which the hydrogen can only combine with a ' 'thermodynamically permissible’" 
acceptor. It implies the statement that the over-all reaction cannot occur spontaneous- 
ly and cannot, therefore, be catalyzed, if this basic postulate is not fulfilled. A ther- 
modynamically "weaker” acceptor can never bring about the dehydrogenation of a 
"stronger” donator. Vesteebeeg 1198) has ' calculated for some dehydrogenation 
processes which acceptors are thermodynamically admissible. Oppenheimer 902), 
following WiBLAND, had tabulated previously the possible and the impossible coupled 
reactions on the basis of the well known caloric values. Today it is possible, in many 
instances, to perform the calculations using the free energy values which lead to a 
more correct picture. If the coupling between dehydrogenation and hydrogenation is 
fully reversible and if true equilibria are attained, the electron shifts or rather the 
tendency of the electrons to shift may be directly measured in terms of the redox 
potentials. From the potential values the position of the equilibria and from the latter 
the affinity, i.e. the free energy of the reaction (see p. 50) may be calculated. Another 
method for the calculation of free energy values has been made available by the deter- 
mination of the entropy of formation of the compounds. Thereby a much more secure 
basis for such considerations is provided than was formerly available by the caloric 
values. If the potentials or the entropies are known it is possible to foretell exactly 
the manner in which different redox systems may react with each other, in other 
words, to predict which dehydrogenation-hydrogenation processes are possible. 
Whether they will actually occur is no longer a question of thermodynamics but of 
reaction kinetics. 

If we look at the process in the direction of the dehydrogenation of an isolated 
system which is at equilibrium, dehydrogenation can take place only if the oxidized 
form of another redox system which is added has a stronger affinity for hydrogen than 
the first system. In terms of potentials this wmald mean that the added system, in 
order to function as acceptor of hydrogen, must have a higher (less negative or more 
positive) potential than the system to be dehydrogenated. In that case the first reaction 
step DH 2 + Aec D + A<5 oH 2 will take place, provided there exist no kinetic 
hinderances. The extent to which this reaction will proceed and where equilibrium will 
be reestablished depends, under otherwise identical conditions, on the difference be- 
tween the affinities of the two systems as expressed by the difference in redox poten- 
tial. Complete dehydrogenation can occur only if the difference between the potential 
values reaches a certain value, in other words, if the maximum of work is performed 
when the equilibrium of the reaction just given is completely shifted to the right. This 
will be illustrated by numerical examples on p. 50. If, as is frequently the case in 
biochemical reactions, the potential difference is small, the dehydrogenation reaction 
does not go to completion. Equilibria result which may be abolished in various ways. 
Either the dehydrogenated form of the original donator is freshly reduced by another 
donator or the reduced form of the original acceptor becomes a donator for a stronger 
acceptor. In either ease the equilibrium is disturbed and the dehydrogenation progresses. 
If we consider the reversible redox system succinic acid-fumaric acid as an example, 

CHa-COOH CH-COOH 

! ^11 + H3 

CHa-COOH OH-COOH 
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it is perfectly stable if considered as an isolated system. A given mixture of the two 
components remains unchanged. Suppose p molecules of succinic acid yield 2 H each 
to p molecules of fumaric acid. On the other hand this would give rise to p molecules 
of freshly formed succinic acid, but at the same time p molecules of fumaric acid would 
be formed by the dehydrogenation of the succinic acid molecules. The system is there- 
fore in dynamic equilibrium. But if a quinoid dye system of similar potential, like 
methylene blue, is added to this equilibrium mixture, new equilibria are established as 
follows: If we start with succinic acid (S) and methylene blue (MB) only, and if we 
designate fumaric acid as P and leuco methylene blue as LMB, the reaction in the system 
S + MB F -f LMB will of course proceed only from the left to the right. The 
more fumaric acid and leuco methylene blue are formed the stronger the tendency 
becomes for hydrogenation of fumaric acid by the leuco dye, i.e. for the back reaction. 
At a certain numerical ratio the reaction reaches dynamic equilibrium between the 
four molecular species. The position of the equilibrium is thermodynamically fixed 
by the value of the maximum work; it can be determined by measuring the redox 
potential of the equilibrium mixture of the four components. If the electrode equations 
and the normal potentials of both systems are known, the measured value at the 
equilibrium point permits one to calculate the concentrations of all four reactants and 
the ratios of oxidized to reduced form in both systems. If a new acceptor in the shape 
of a system of more positive potential is added to the equilibrium mixture the process 
will again go on. The acceptor dehydrogenates the leuco methylene blue to methylene 
blue which, in turn, will be able to dehydrogenate more succinic acid. In this way the 
reaction may proceed via different redox systems- The potential will rise gradually 
until eventually the systems with very high potentials, Og or HgOg, come into play 
and the hydrogen transfer is completed by a practically irreversible reaction entailing 
the loss of the last free energy content of the hydrogen. 

c) Catalysis. 

So far "we have dealt with the thermodynamical aspects of dehydrogenation. It 
is a different question whether such a reaction will take place at all and at what 
time. This question relates to the ‘‘friction” in the reacting system and to its dimi- 
nution by the "lubricants” represented by catalysts. Of course, there are reactions 
with a very small internal friction so that they can proceed without being catalysed. 
By catalysis we refer here, in agreement with Mittasch, exclusively to true increase 
in the rate of reaction and to control of the direction of a reaction by chemical sub- 
stances and not to the effects of heat, radiation, ionization, and so on. 

Amino acids, for instance, are dehydrogenated by quinone without a catalyst, 
just as by alloxan at the boiling point (Strecker’s reaction). There are also simple 
systems which react with molecular oxygen without the mediation of catalysts and 
which are, therefore, truly autoxidizable. The leuco forms of methylene blue and of 
similar dyes appear to be such compounds. According to Macrae 743) they are aut- 
oxidizable ill w^eakly alkaline solutions (ph = 8). However, Eeid 971, 972) finds that 
the process occurs only on surfaces, particularly on protein surfaces (at ph 7.5), and 
that narcotica inhibit the oxidation. At acid reaction, the reoxidation of leuco dyes 
is a cyanide resistant copper catalysis (Harrison 453)), Maoeae 742)). Hydroquinone 
and dihydroxy maleinic acid are said to be autoxidizable (Wieland and Pranke, 
see p. 31). According to Hill 484) dialuric acid is autoxidizable at neutral reaction, 
whereas at acid reaction iron functions as a catalyst (Strecker's reaction, p. 107). 
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The existence of systems which will react directly with molecular oxygen is the 
prerequisite of every catalytic end oxidation. In many instances it is the catalyst 
itself which is autoxidizable in the reduced form. The most important case of this 
kind is undoubtedly the autoxidation of complex salts of ferrous iron, e.g. that of 
ferrous cysteine or of heme derivatives. With the exception of the latter, autoxidi^iable 
substances in living matter have little to do with the important reactions. In almost 
all biologically significant cases neither dehydrogenations by an acceptor nor reactions 
with molecular oxygen occur without suitable catalysts. 

It may be well to point out at this time that the typical model reaction consisting 
of dehydrogenation of succinic acid by methylene blue or other quinoid dyes does not 
take place at an appreciable rate unless tissue extracts, containing succinic dehydro- 
genase, are added. The catalysts participating in hydrogen transfer during anaerobic 
metabolism may be enzymatic or non-enzymatic in nature. The quinone of adrenaline, 
called the "'Omega Substance” by Kisch, is an example of the latter. 

The general basis of our discussion is that, according to the views of Wieland, 
the first step in biological oxidation is the activation of the hydrogen. At the 
same time, the surface forces of the catalyst activate the acceptor. In case the accep- 
tor is molecular oxygen, this means an activation of oxygen. We repeat that 
by activation” we designate the process whereby the reactants are acted upon by 
the field of surface forces of the catalyst resulting in a deformation of both the donator 
and the acceptor molecules; both are thereby made more reactive. This will be discussed 
in detail on p. 14 with respect to the molecular oxygen and on p. 27 with regard to 
hydrogen. 

There exist no qualitative but only quantitative differences between the dehy- 
drogenases and the oxidases. The main difference is not one of catalytic mechanism 
but of thermodynamics. The enzymes which, by historic custom, are called oxidases, 
dehydrogenate substances of so high a potential that, practically speaking, only mole- 
cular oxygen or hydrogen peroxide, besides some quinones, may act as acceptors. 
In the case of some oxidases, e.g. of glucose oxidase, the situation is still obscure; 
perhaps, certain acceptor specificities play a role in addition to the potential range. 
Both groups of biocatalysts are sub-classes of the H y d r o k i n a s e s (Wieland), 
The oxidases may be further divided into "true” oxidases, containing heavy metal, 
and the cyanide resistant oxidases which occupy an intermediate position between 
the true oxidases and the dehydrogenases, (See p. 127). 

The general theory of dehydrogenation catalysis including the reaction with 
molecular oxygen, as outlined above, combines the "antithesis” of Wabbubg and of 
Wieland. 

Oxidation by Oxygen, Activation of Oxygen: 

If we speak of "activation” of oxygen we imply that the ordinary, free oxygen is 
inert when brought in contact with many substances which are readily oxidized by 
oxygen in another form. In compounds containing "active” oxygen this element is 
not bound as the molecule 0 = 0 but in main valency linkage, as in permanganate, 
nitric acid, and peroxides of various kinds, e.g. hydrogen peroxide. It is evident that 
before molecular oxygen will react it must first be converted into a form corres- 
ponding to that existing in compounds with "active” oxygen. The primary step in 
any "autoxidation”, i.e. in any reaction with molecular oxygen, is a loose combination 
of the substrate (or catalyst) with the oxygen; it may be an adsorption complex or a re- 
sidual valency compound. 
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Quastbl 943), in agreement with the modern conception of the catalytic activity 
of surfaces ^), assumes that the substrate is bound by the ''active centers” in the 
catalyst surface where the deformation of the 0 = 0 molecule is achieved by strong 
polar forces* The excess energy of the active centers is" transferred to the oxygen mole- 
cule as energy of activation (Eoman 997)) which is required for the subsequent reaction. 
The valency forces are hereby shifted, as can also be calculated with the aid of quan- 
tum mechanics. The molecule is somehow "unfolded”. It is assumed that it is combining 
loosely with the substrate in the form — 0 — 0 — , forming an adduct (addition com- 
pound). This activation does, therefore, not primarily concern the free oxygen mole- 
cule but is inseparably connected with the binding of the molecule by chemical 
forces'^*). 

This is true for every reaction involving molecular oxygen, whether the other 
reactant is an organic compound or a simple metal salt or a metal complex. It is valid 
even in the case of the simplest reactions in the gas phase, e.g. between sodium vapor 
and oxygen, as has been proven in a strictly kinetic manner by Haber 436). He could 
show that previous to the reaction one atom of sodium combines with one oxygen 
molecule. The same holds for non-catalysed dehydrogenation reactions like the yielding 
of two hydrogen atoms to oxygen by leuco methylene blue, also for the oxidation of 
ferrous to ferric iron. This primary reaction in catalytic processes is important if the 
reaction is concerned with a reversible redox system and if the latter acts as an oxida- 
tion-reduction catalyst by virtue of the fact that its oxidation or dehydrogenation is 
fully reversible. 

Following this primary step the process may proceed in two different ways. The 
loosely bound "‘unfolded” — 0 — 0 — molecule may accept two electrons and thereby 
be transformed into the oxygen ion 0 ^. Simultaneously, 2 H*^-ions combine with 
this ion to form H — 0 — 0 — H which is removed from the surface of the substrate **’*'). 
This is the general scheme of typical dehydrogenation. The other possibility is that the 


first adduct is changing into a better defined peroxide, in the case of iron Fe-^+Z^ 


0 


\ 1 • 


It is difficult to draw a line between an adduct and a peroxide. Both may react in the 
same manner. The second possibility, therefore, is only important if the peroxide for- 
mation cannot be followed by the splitting off of hydrogen peroxide. The mechanism 
of catalysis may then be a quite different one. 

The first mentioned scheme is the normal one for most of the biological catalyses 
with which we are here concerned. It holds for purely organic and for metallo-organic 
(heavy metal) systems. The only difference is that in the case of the purely organic 
redox systems the hydrogen comes directly from the molecule of the substrate, whereas 


’*') For fundamental considerations concerning these questions see Fbankbnbuegee 357), 
Schwab ! 039), PiETSCH et al. 927), 

**) There exists also a true, primary activation of oxygen by light, in presence of fluorescing 
dyes. In this photosensitized oxidation the oxygen molecule stores additional energy and acquires 
an activated state which may lead to the formation of free atoms. This mechanism, however, does not 
seem to be of importance in normal biological oxidative catalysis. 

***) In the reaction between atomic hydrogen and molecular oxygen hydrogen peroxide is formed 
too (see Franks 288), pp. 118, 159). Here H 2 O 2 is the product of chain reactions (H -}- >H02; 

HOa + HA 4- H) (Bates 88)). ^ 

I 
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in heavy metal catalysis it is derived only indirectly from the substrate and directly 
from the water which is formed in the reaction itself (or from HOI, etc.); and that, 
owing to this hydrogen shift, the valency of the metal is changed. It will be shown later 
that the hydrogen ions are indeed originating, in the last analysis, from the substrate. 

If oxygen is the acceptor and leuco methylene blue the donator, the simple equation 
holds: 

2 + 2 £ 

1) DHg + 0^ — D 4- H— 0— 0— H 

In the other case, if the , ferrous iron, bound either in a salt linkage or in complex 
linkage, is symbolized as >Fe*^+, we have the equation: 

2 H+ + 2 s 

' 2) 2 + 2 H^O + 0^ ^2 >Fe+++-OH~ + H— 0— 0— H. 

Hydrogen peroxide, however, cannot be demonstrated to be one of the product 
molecules because it is further decomposed catalytically to water and oxygen (p. 22). 

The catalysis proceeds due to the fact that D takes up fresh hydrogen from 
another donator, D thereby becoming an acceptor. In heavy metal catalysis, 
also attracts hydrogen atoms, deprives them of their electron and is thereby reduced 
to >Pe++; the anion 0H~ reacts with the proton (H-*-) to form water (p. 19). The 
bulk of biological oxidation is a catalysis by heavy metal, notably by the hemin system 
of Waebuko. To a smaller extent metal-free, purely organic systems may be respon- 
sible for oxidative catalysis, e.g. the flavin system (see p. 108). The "methylene blue 
respiration" is the model reaction for such pure "acceptor respirations". 

It is possible that some borderline cases may eventually be shown to be dehydro- 
genation reactions, e.g. the oxidation of carbon monoxide to carbon dioxide in aqueous 
solution with palladium as the catalyst. In this case an oxidation by oxygen formed 
by water decomposition might be assumed (W. Teaube 1185)). However, Wiblanb 
1310) takes the point of view that in the course of this heterogenous catalysis formic 
acid is first formed by simple hydration and that this acid is dehydrogenated in the 
usual fashion by 0^: CO + H^O = H-COOH; H-OOOH + 0^ = 00^ + HOOH. 
Hydrogen peroxide has been detected both in the CO- and in the Hg-flame by Dixon in 
1882. (For further reference to the discussion of this process by Wibland and W. 
Teatjbb see Feanee (l.c. 288) p. 160)). 

The conception that in every case of interaction with molecular oxygen the 0^ 
molecule must first be bound and deformed or activated, has been of great value 
for the unification of the theory. This may be demonstrated with respect to three points. 

First, this conception has lead to the important modification of Wiiland’s 
theory, namely, to its supplementation by the postulate of acceptor specificity, 
notably by Beetho (p. 34) but also by Wieland himself. The acceptor specificity 
explains the different behaviour of donator-catalyst systems towards molecular oxygen. 
If the Og molecule cannot be bound, the system is not autoxidizable and no reaction 
takes place. It is useful in interpreting the problem of peroxidase specificity. Here, 
not oxygen but hydrogen peroxide is the acceptor. The ,: peroxidases act as phenol 
dehydrogenases only because of their ability to bind specifically the acceptor H^Og. 
How far there exists an absolute specificity for Og, even if other acceptors are ther- 
modynamically permissible, and whether this specificity is the reason for the behaviour 
of the "oxidases" cannot definitely be decided as yet. It is also possible that such 
acceptor specificities play a more important rdle in purely anaerobic acceptor catalyses 
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than has so far been suspected. They may explain why certain catalyses fail to occur 
which are thermodynamically possible (see p, 84). 

Second, this concept is the key to the fundamental change which Warburg has 
made in his theory and which concerns the valency change of the iron. Previously 
he reckoned with some sort of peroxide formation at the iron. The peroxide was 
supposed to transmit atomic oxygen to the previously "'activated” substrate in agree- 
ment with the views of Engler and Bach. Today, Warburg assumes that primarily 
a short-lived adduct is formed between the ferrous iron of the heme of the respiratory 
enzyme and the molecular oxygen. The model for this adduct is oxyhemoglobin which 
is readily dissociable and which yields its oxygen in non-activated form. The oxy- 
genation product of the hemin enzyme is unstable and rearranges itself to form the 
true oxidized form of the enzyme with ferric iron. The change from ferrous to ferric 
iron involves, of course, the loss of an electron which is taken up by the oxygen. The 
model for the ferric form of the respiratory enzyme is methemoglobin. Just as hemo- 
globin-methemoglobin is a redox system (Conant 179)), so is the system formed by 
the ferrous and the ferric form of the enzyme. 

Peroxide Formation: Thirdly, this concept helps to explain the fact that aside from the 
dehydrogenation catalysis there exists still another form of oxidative catalysis where 
the older theory of Englbr-Bach retains its value. Oxygen is capable of combining 
with metals without valency change to form peroxides, and also with organic bio- 
logical systems where there is no primary dehydrogenation. We think of the mere 
addition of oxygen to valency gaps, e.g. to — 0 == 0- — double bonds, to form 
— C— 0— . 

0--~0 

In discussing such organic peroxides two questions suggest themselves. The 
questions 1) as to how such peroxides are formed and 2) whether they are catalyti- 
cally active; in other words, do they represent reversible systems of the type 
X + O 2 ^ X * *02 which can transfer peroxidic, i.e. activated, oxygen? The second 
question has lost much of its importance. Most of the substances which formerly 
were looked upon as organic peroxides with catalytic activity have later been shown 
to be quinoid redox systems. There remains a certain possibility, however, that the 
catalytic oxidation of unsaturated fatty acids proceeds via such peroxides. According 
to Eeankb 354), carotenoids are active as catalysts in such reactions, perhaps through 
intermediary peroxide formation. This and the role which defined peroxides play not 
as catalysts but as intermediaries in dehydrogenation, e.g. in the case of aldehydes, 
will be discussed below (p. 118). 

The formation of these organic peroxides is of considerable interest. A variety of 
them are known. They arise partly through simple autoxidation, e.g. from aldehydes, 
partly through heavy metal catalysis. It has already been mentioned that a loose 
adduct of molecular oxygen to a substrate may undergo molecular rearrangement 
resulting in peroxide formation. The pronounced polarity of peroxides, of hydrogen 
peroxide for instance, indicates that they represent not quite saturated main valency 
compounds. Peroxide configuration will result instead of mere adduct formation if 
there are no H+-ions available for the splitting off of HgOg, i.e. if true dehydrogenation 
is not (or at least not instantly) possible. The scheme for organic peroxide formation 
may be illustrated for the example of aldehyde autoxidation in a non-aqueous medium: 


Oppenheimer-Stern, Biological Oxidation. 
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I 

H 
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E-C 0 

!\ / 

H 0 


Adduct 

(Enolbr’s Moloxide) 


->E-C=0 

i 

0 — OH 

Peracid 


Ib this case we cannot speak of a hydrogen activation; the residual affinity of the 
double bond (or “activation of the carbonyl” in Wieland's terminology) suffices to 
“unfold” the oxygen molecule and to bind it. With benzaldehyde this takes place 
even in aqueous solution. It is noteworthy that such reactions, according to Wibland, 
are encountered as intermediates in true dehydrogenation. By reacting with a second 
aldehyde molecule the peracid yields the carboxylic acid: 

E-C = 0 H 

I XO-E >.2E*COOH. 

0— OH 0^ 


This is the same result as if the aldehyde were dehydrogenated in the usual manner 
via the aldehyde hydrate. 

WiELANB 1315) points out that such peroxides or adducts are also intermediates 
in quinone formation; their formula may be written as follows: 

OH 0—0— OH 



Adduct 


Peroxide 


Therefore these questions may be discussed from the point of view of Wibband’s 
dehydrogenation theory unless the peroxides become subject to a new type of purely 
oxidative catalysis (p. 118). 

The catalysis of the formation of peroxides by heavy metals involves a problem 
of fundamental importance. Since the substrate is not dehydrogenated by the heavy 
metal system, the simple concept of valency change, namely, dehydrogenation by 
Pe+‘^+, and reoxidation of the Fe“+'+ thus produced to Fe+"^‘^, cannot be applied. 
This refers us back to the older views of Ekgler-Baoh-Manchot who assume peroxide 
formation with the iron. The next question is, whether these metal peroxides may 
act as catalysts and in which manner. This causes one to enquire as to what extent 
the hypothesis of dehydrogenation catalysis by valency change is valid and whether 
it is permissible to encompass the peroxidatic and catalatic catalysis by iron from the 
point of view of valency change. (Discussion of the fundamentals on p. 19 and following). 


Special Hypotheses on Oxygen Activation. 

In this section some theoretical considerations, concerning the primary process of 
deformation and addition of the oxygen molecule, are briefly discussed. This process is 
interpreted with the aid of electron models, on the basis of the octett theory. 
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Eaikow 965) goes back to the old concept of “ozone” like substances (Schonbbin) 
by assuming that the first product of oxidation in aqueous solution is an adduct of 
HgO to the residual valencies of the 0=0 molecule. This “ozone hydride” (I) rearranges 
itself into the desmotropic “pseudo ozone hydride” (II). In the latter the 0* is already 
"activated”; it oxidizes the substrate while the preformed HgOg is split off: 

H 

I. ' O = 0 : : 0 ■ 5± II. >0== : : 0— H 

••H ! 

0— H 

The unfolding of the oxygen molecule is thought to occur in this case without 
a substrate, the charge being supplied by electrons derived from water molecules. In 
contrast to this view Milas 833) thinks that the electrons originate from the substrate. 
This is a more plausible assumption. A novel feature of his theory is his interpretation 
of true peroxide formation without instantaneous release of HgOg: the two substrate 
electrons are entirely transferred to the oxygen and share the orbits of its other elec- 
trons. In organic substrates the two electrons are exposed in a special manner ('"mole- 
cular valency electrons’’). This concept is nothing but an expression, in other words, 
of the ""activation of hydrogen” where two hydrogen atoms are ""activated” to 2 H+ 
+ 2 s. These are said to be unpaired electrons with parallel spin. This hypothesis has 
been attacked by Stephens 1067). 

Zelinsky 1380) formulates the process which we designate as peroxide formation 
via addition to — C = 0 — linkages with the aid of the octett theory. He makes use 
of the desmotropic biradical formula of the ethylene linkage and of a special represen- 
tation of the activated oxygen molecule, containing a single bond and therefore two 
""lone” electrons (I), according to scheme 11. 

H H H H 

1. : 0 : 0 : 11. E : C : 0 : E + ; 0 : 0 : R : C : C : H. 

: 0 : 0 : 

It appears strange that according to this picture the oxygen should be present in 
the peroxide as complete octett, i.e, very firmly bound. 

On the whole, these attempts do not contribute very much to the understanding 
of the phenomena. At any rate, we cannot detect any special ""activity” of the oxygen 
beyond that of deformation, unfolding, and charging. According to Stephens we are 
dealing here with special oscillation states and with the formation of a peroxide in 
statu nascendi. The latter has a higher energy level compared with the ready stabi- 
lized one so that it becomes more reactive. Here, too, it is difficult to draw a line 
between the energy rich ""adduct” and the normal ""peroxide”. 

" Heavy Metal Catalysis. 

In treating the oxidative catalysis with oxygen it is necessary to begin with the 
primary stage of the process. Suppose that a lower valency form, e.g. ferrous iron, is 
the oxidation catalyst. As usual the primary step will consist in the addition of 0=0 
and in its activation. Following this, either H 2 O 2 is split off taking with it electrons 
from the iron and leaving the catalyst in the trivalent ferric form (valency change), or 
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a peroxide is forirted. The latter contains more oxygen than calcnlated for ferric iron 
hnt does not represent a form with higher valency number. The peroxide still contains 
ferrous iron; it may be written, for instance, as iron salt of hydrogen peroxide: 


Fe<^ 


0 


0 


If, we take the simplest formula FeOg, the catalysis may proceed as follows. 
One atom of oxygen (‘'active oxygen”) is ' given off in accordance with the old 
scheme of Englee': 

AOg, + B y AO + BO (where A the catalyst and B the substrate) 

The result is that not only is the substrate (B) oxidized but that also the catalyst 
(A) is oxidized. For ferrous iron as the catalyst this means that one electron is lost and 
that ferric iron results. However, this is not a true catalysis but a coupled reaction. The 
reaction comes to a stand still after the inductor, A, is used up. Ferric iron as such does 
not act catalytically. 

In order to establish a true catalytic mechanism we would have to postulate that 
in this case the whole oxygen molecule, probably in the form — 0 — 0 — , is to be split 
off. This has been discussed by Oppbnheimbr 902) as applied to platinum catalysis. 
Following this a scission of — 0 — 0 — into single 0 atoms and a direct oxidation of 
two acceptor molecules may take place. Theoretically one can also imagine that the 
unfolded —0—0— molecule forms an adduct with the organic acceptor. Thereby 
the primary process at the ferrous iron is reversed. Such a cycle would mean that the 
catalyst permits the autoxidation of inert molecules by transmitting to them activated 
oxygen molecules. In that case it would be of secundary importance whether this 
adduct leads to dehydrogenation by the transfer of H+ + s to — 0 — 0 — (example: 
hydroquinone) or whether it leads to genuine peroxide formation at organic valency 
gaps if no hydrogen atoms are available. The possibility that the peroxide yields all 
of its oxygen to an acceptor has recently been discussed by Manohot (p, 123). 

In reality it appears certain that this modus of detachment of ■ — 0 — 0 — and of 
its transfer to the substrate either does not take place at all in heavy metal catalysis 
with biological substrates or else only in cases where a dehydrogenation is not possible 
(see for instance the case of direct addition of — 0 — 0 — to the C — C double bond, 
p. 14). Later it will be shown that even the last mentioned example is not yet firmly 
established. Franke, for instance, does not believe that iron participates as catalyst 
in the formation of peroxides from unsaturated fatty acids (p, 123). 

When an organic substrate is dehydrogenated in such a way that H'^ions are 
released, in addition to the electrons, the other mode of heavy metal catalysis is the 
preferred one and probably the only one. By this other mechanism — 0 — *0 — is not 
detached unchanged and the organic substrate is not dehydrogenated through the 
primary adduct, but a valency change of the iron takes place. It is the ferric iron 
which oxidizes the substrate or rather dehydrogenates it. The hydrogen split off of 
the substrate dissociates into the hydrogen ion and the electron. The former gives 
rise to water (or HOI) formation while the latter is taken up by the ferric iron. The 
ferric iron is thereby reduced to ferrous iron and adduct formation with molecular 
oxygen may again take place. If there are H+ions available (from water or HOI 
molecules) the combination of H*^ with — 0 — 0^ — takes place much more rapidly than 
a possible detachment of — 0 — 0 — ; Pe+'^ loses an electron and once more becomes 
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Fe The cycle leading to restoration of the catalyst (ferric iron) is thereby completed. 

This concept embodies the new idea that, contrary to the inorganic ferric ion, Fe++'^ 
may also be a catalyst in complex linkage, i.e. that it promotes dehydrogenation. 
This property of complex ferric compounds may be further increased and differentiated 
by providing a suitable colloidal bearer. The hemin enzyme of Warburg is such a 
complex. Warburg has demonstrated in this case the valency change spectrosco- 
pically. 

According to this view heavy metal catalysis is due to a cyclic process 
involving loss and return of electrons. It is important that the catalyst acts 
while in complex linkage. Two possibilities present themselves. Firstly the metal original- 
ly is added to the system as a free salt. In that case it must be present in the lower valency 
form and combine with the substrate to form a complex; higher valency forms do not 
form complexes subject to dehydrogenation. In this complex Pe++ is first oxidized 
to Fe'^ + + by O2, then reduced by the hydrogen of the substrate, thus regenerating the 
catalyst, Fe++. 

Secondly there exists already a complex containing the metal of higher valency form 
(Fe-^‘^+). The complex, acting as catalyst, attracts the substrate, labilizes its hydrogen 
and is, in turn, reduced to Fe++. Then only O2 enters into play and reoxidizes the 
complex back to the ferric stage. The catalyst, Fe+++, is now restored and ready for 
new action. 

If we consider the action of simple ionized salts first, the process begins with a 
complex formation between the substrate and the salt, e.g. between cysteine and Fe'^'^ 
salt. By combination with the strongly charged metal ion the stability of all linkages 
in its vicinity is profoundly altered; it will attract oxygen contained in hydroxyl 
groups and repulse hydrogen, therefore "labilize’’ it. Complex formation will take 
place only with the metal in the lower valency form (Cu+ or Fe*^*^). This step is autoxi- 
dizable. After the entrance of O2 the hydrogen contained in the organic residue 
shifts over to the oxygen. The catalyst acts, therefore, as a dehydrogenase. Catalyses 
of this type certainly have some biological significance. Thiols or ascorbic acid may be 
oxidized in this manner in living cells. Undoubtedly, some reactions heretofore ascribed 
to '"oxidases” will find their explanation in such mechanisms. 

Biologically of greater importance, however, is the other mechanisin where the 
catalyst exists already as an organic heavy metal complex, as for instance in hemin 
catalysts of the cell. These are active only in colloidal state, namely, in combination 
with bearer proteins. Such complexes are, by definition, to be classified as enzymes. 
In these cases the hydrogen of the substrate is not labilized by transfer of the whole 
organic molecule into a complex with the heavy metal, but the polar forces of the ma- 
cromolecular catalyst affect the donator by means of residual valency linkage and 
labilize its hydrogen (Wieland). 

Here, the catalyst starts its activity in the oxidized state (Fe+++). It dehydrogena- 
tes the substrate in such a manner that the field of force of the heavy metal renders one 
hydrogen atom labile. A hydrogen ion is split off while the electron goes to the metal 
and reduces it to the next lower valency stage. As a consequence the metal is forced 
to release one anion (OH*“ or Cl*”) which combines with H+ to form HgO or HOI. 
Eegeneration of the catalyst is brought about by reoxidation by a stronger acceptor 
which deprives the metal of one electron and thereby transforms the catalyst to the 
original, active form. Whether molecular oxygen may be the stronger acceptor, de- 
pends on the structure of the catalyst. Cytochrome c, for instance, is not aiitoxidizable 
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and is therefore only reoxidized by a specific oxidase which very probably is nothing 
other than the hemin enzyme of Wabbtirg (Indophenol oxidase = Cytochrome oxidase). 

In order to illnstrate the process of dehydrogenation by a simple metal salt through 
intermediary complex formation, the events leading to oxidation of cysteine to cystine 
may be depicted according to Michaelis (804) p. 140): Cysteine forms a complex 
with ferrous iron. Ferrous cysteine is autoxidizable, forming ferric cysteine with 
oxygen. Ferric cysteine undergoes an intramolecular rearrangement, the ferric iron 
being reduced to ferrous iron by the labile cysteine hydrogen. Ferrous cystine is 
unstable and decomposes spontaneously into its components. The reader will not 
find it difficult to visualize the movements of hydrogen and electrons during this 
cycle. ■ 

Similar processes take place if the catalyst is a colloidal heavy metal compound. 
The most important example of such a system, the respiratory hemin enzyme of 
Warburg, begins the catalysis while the iron in the pheohemin group is in the tri- 
valent state (symbol: > Pe^^^-OH). Upon collision with a suitable substrate it attracts 
H+ + s and is reduced to a derivative of heme with bivalent iron. This no longer 
possesses the positive charge required to hold the anion. The latter must consequently 
combine with the hydrogen ion: 

1) > Fe^^i -OH + H+ + 8 ^ > Fe'^ + H^O 

2) ,2>Pe^^ + 02 + 2 HgO ^2 > Pe^^^-OH + H— 0— 0— H. 

The system containing ferrous iron is autoxidizable. If in contact with oxygen, accor- 
ding to equation 2), the iron yields two electrons to the oxygen, the charged molecule 
“0 — 0““ removes 2 from the water, and the remaining two hydroxyls satisfy the 
positive charges on the Fe ++’^ atoms. The cycle is now completed; the catalyst is 
regenerated and the hydrogen atoms removed from the substrate are combined with 
oxygen. 

The theory of Haber and Willstatter 437), which will be given in detail on 
p. 44, takes a somewhat different point of view. Here, two fundamental points of 
that theory are of importance. The theory assumes in accordance with the view 
developed above that the oxidation catalysts are reversible redox systems and that 
they “activate” the substrate hydrogen by accepting one electron and consequently 
reducing the prosthetic group of the enzyme. A stronger acceptor, e.g. molecular 
oxygen, reoxidizes the “desoxy-enzyme” to the active form. The second point is the 
postulate that the enzyme is reduced in a monovalent fashion, i.e. that only one 
electron is accepted and one H + released at a time. Thus free radicals are formed which 
carry on the reaction in the form of a reaction chain in the solution without further 
participation of the catalyst. The formation of hydrogen peroxide is not postulated 
by this theory. On the contrary, its formation would break the chain due to the re- 
' ' ■ . . ' ' ' 

combination of two radicals, OH, which could otherwise propagate the chain. 

Formation and Removal of Hydrogen Peroxide. 

The appearance of hydrogen peroxide in the course of heavy metal catalysis has 
already been discussed. It is a necessary corollary to the scheme of valency change of 
the metal. The question of the formation of H^Og was one of the main objects of the 
now historic dispute between Wieland and Warburg. According to the former, 
hydrogen peroxide should always be formed in biological oxidation, according to 
the latter, never as long as one assumed peroxide formation at the iron and direct 
oxidation of the substrate by this intermediate. 
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In retrospect it is difficult to appreciate this dispute, inasmuch as it had been 
known for a long time that the prototype of heavy metal catalysis, i.e. the oxidation 
of hydrogen with palladium as catalyst, constitutes a hydrogenation of Og via HgOg. 
Now the dispute is settled. It is generally accepted that is formed during the 
'Valency change” catalysis by heavy metal as well as during the autoxidation of 
organic substances, and we know that the detection of HgOg in heavy metal catalysis 
is obviated because the peroxide is decomposed by the same metal system as fast as 
it is formed. The decomposition is either of the "catalatic” type, i.e. a simple break- 
down into water and oxygen, or of the" peroxidatic” type, i.e. a dehydrogenation of the 
substrate by the peroxide oxygen. Undoubtedly, hydrogen peroxide may also arise by 
other reactions, e.g. by the interaction of peroxides with water. Formerly Wieland 
rejected this possibility; today (1303)) he is less definite on this point since peracids, 
for instance, will yield hydrogen peroxide by reacting with water. The autoxidation 
of aldehydes may possibly take place in this manner. On the other hand, this mecha- 
nism of H 2 O 2 formation is hardly of great biological significance unless it should be 
demonstrated that the first product of autoxidation of organic substances is not a 
simple adduct but a defined organic peroxide as has recently been suspected by 
Krebs, Keilin, and others. The essential thing, in our opinion, is the fact that hy- 
drogen peroxide acts in statu nascendi (see below). 

If it is granted that H 2 O 2 arises regularly in the course of biological oxidation, the 
mechanisms for its removal must be considered. It is not only highly toxic, killing 
the anaerobic organisms which produce HgOg when brought in contact with air (p. 38), 
but its further hydrogenation to water entails the largest gain in free energy. The 
first stage, consisting in the reduction of oxygen to hydrogen peroxide, yields only 
about ^/4 of the total free energy while the second stage, i.e. the reaction 
2 HgO, contributes the bulk. The relatively small amount of work made available by 
the first step is the reason why molecular oxygen, thermodynamically speaking, 
represents a rather weak acceptor. O 2 is just capable of dehydrogenating aromatic 
hydroxy- and amino compounds, but this reaction leads to equilibria (Franke 288)). 
It is the second step, namely, the renewed dehydrogenation by peroxidatic systems, 
which is the decisive factor. This is weU known for the case of the "oxidase reactions”. 
Besides the peroxidatic mechanism there is the catalatic one which restores a part of 
the Og, thereby subdividing the release of the hydrogenation energy of oxygen into 
several increments. The integral effect, however, remains unaltered. 

The complete utilization of the energy stored in hydrogen peroxide is achieved 
by the respiring cells in various ways. The various mechanisms are: 1) The direct, 
non-catalyzed oxidation of substrates by the primarily formed H^Og. Examples are 
the oxidation of pyruvic acid (Sevag, see below) and of thiols (p. 63), However, this 
mechanism does not appear to be very important. In the heavy metal-free system of 
dehydrogenase + hypoxanthine (or aldehyde), addition of alcohol does not cause an 
oxygen uptake. Keilin and Hartree’s 546) explanation of this failure is that alcohol 
is not attacked by the hydrogen peroxide formed by the dehydrogenation of the purine. 
2) Most important of all systems removing HgOg are undoubtedly heavy metal cata- 
lysts acting either as "catalases” or as "peroxidases”. They may be enzymes, like the 
respiratory ferment of Warburg, peroxidase, catalase, or oxidases of the type af 
uriease, or else other hemin derivatives present in the cell, e.g. free hematin. In this 
connection it is advisable to report briefly the main results of recent experiments by 
Keilin and Hartree 546) which, incidentally, may throw new light on the physiolo- 
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gical significance of catalase. These investigators find that the cyanide-sensitive uricase 
as well as the cyanide-resistant d-amino acid dehydrogenase (Krebs) specifically 
require oxygen as the acceptor and that H 2 O 2 is formed by their action. They are, 
therefore, to be termed oxytropic dehydrogenases or, in short, oxidases. While in the 
case of the prototype of such oxytropic dehydrogenases, the Schardinger enzyme, 
hydrogen peroxide will only react with added oxidizable substances if peroxidase or 
Rn iron system are present (Harrison and Thurlow 463), Harrison 466)), these 
catalysts are not required in the case of uricase or amino acid dehydrogenase. p-Phe- 
nylenediamine or alcohol will react with the H 2 O 2 produced by the enzyme. It is parti- 
cularly interesting that the hydrogen peroxide does not act in stoichiometrical propor- 
tion but that it increases the oxygen consumption of the system about twofold. With 
p-phenylenediamine, for instance, the figures for oxygen uptake, according to Keilin 
644), are: uricase + uric acid: 362 cmm. 0^; uricase + phenylene diamine + peroxi- 
dase : 40 cmm.; uricase + uric acid + diamine + peroxidase (complete system): 
757 cmm. There is no doubt that in the first place, under the influence of the iron 
system, the H 2 O 2 is used up in an oxidation reaction. The increase of oxidation beyond 
this limit as shown by the oxygen uptake must be interpreted as follows: H 2 O 2 + 
peroxidase oxidize the phenylene diamine stoichiometrically; the hydrogen peroxide 
is, of course, destroyed in this reaction. More ‘^activated’’ hydrogen is liberated from 
a fresh amount of the substrate which is uric acid in the present case. It is accepted 
by freshly added Og. The end effect is, then, that double the amount of substrate 
(uric acid -f“ diamine) has been oxidized which accounts for the increased oxygen 
uptake. The uricase system, presumably containing heavy metal, is aided in a secon- 
dary fashion in its effect by the peroxidatic activity of the new heavy metal system as 
displayed towards the diamine. In the case of alcohol the path of this coupled oxidation 
is such that HgOg + "'peroxidase” oxidize it to aldehyde. Amino acid dehydrogenase 
behaves in the same manner. The results obtained with the Schardinger enzyme are 
the most interesting. Here, alcohol is not oxidized by hydrogen peroxide and no 
secundary uptake of oxygen occurs. But if a trace of catalase is added to the system 
[donator -f Schardinger enzyme alcohol] the same additional alcohol oxidation 
occurs as with the natural system uricase or amino acid dehydrogenase. Keilin and 
Hartrbe assume that in this case HgOg + catalase dehydrogenate the alcohol to al- 
dehyde and that the aldehyde thus produced is dehydrogenated in the usual manner 
by the Schardinger enzyme. The peroxide + catalase alone have no effect whatsoever 
on alcohol. Instead, the ordinary catalatic decomposition of HgOg into Og + H^O 
takes place. It is to be concluded that HgOg will act as an oxidizer of alcohol only 
if it is split by catalase under such conditions that it can act in statu nascendi. In 
fact, catalase + other peroxides (barium, cerium, ethyl peroxide) react with the 
alcohol. In other words, it is essential that the hydrogen peroxide must be formed by a 
reaction taking place in the system itself. 

These results are interesting from several points of view. Firstly, they seem to 
suggest, just as has been pointed out by Stern 1073) and Haurowitz 468), that the 
catalatic decomposition of hydrogen peroxide proceeds via highly active groups, 
perhaps free radicals. Furthermore, they seem to support the suggestion, recently 
again discussed by Haurowitz 468), that catalase and peroxidase are closely related 
and that the apparent entirely different behaviour is a question of kinetics. If this is 
true and if Keilin’s systems may be regarded as biological models, the role of catalase 
in the living cell is open to reinvestigation. This enzyme is commonly considered to 
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be a ''safety valve” for the removal of hydrogen peroxide. May it not be, that the en- 
zyme has some significant function as a ^'peroxidase” in biological oxidation, even if 
not in the main chain comprising cytochrome and the respiratory ferment? This 
secondary heavy metal catalysis with hydrogen peroxide and catalase or peroxidase 
appears to assume an increasingly important physiological significance. It is possible 
that such reactions may go beyond the stage of simple dehydrogenation and lead to 
deeply changed products (p. 32). Ascorbic acid, for instance, is not directly oxidized 
by indophenol oxidase but by hydrogen peroxide formed by aut oxidation (Szent- 
Gyorgyi 1118)). It is quite plausible that this mechanism is of importance in the 
breakdown of fatty acids (p. 254), and perhaps also in the oxidation of the intermediary 
catalysts ascorbic acid and glutathione (pp. 93, 95). 

If we disregard the above possibilities, it may be stated that HgOg disappears in 
every respiring cell due to the activity of catalase and that it cannot be detected for 
this reason. Where catalase is absent, other iron containing systems will catalyze the 
decomposition. In systems devoid of catalase and of other iron compounds, hydrogen 
peroxide is used up more or less completely by direct reaction with certain substrates. 
In these eases sometimes the peroxide may be detected. Such uncatalyzed reactions, 
e.g. with thiol compounds, are hardly significant if catalase or other iron systems are 
available. The only exception is pyruvic acid which will react more quickly with hydro- 
gen peroxide than catalase: 

CHa-CO-COOH + CHg-COOH + 00^ + HgO. 

This has been demonstrated for pneumococci by Sevag 1045) and confirmed by 
PujiTA 383). A catalase resistant intermediate peroxide appears to be formed: 

CHa — C — COOH (Wibland). Addition of pyruvic acid will protect these anaerobes 

/\ 

OH O-OH 

against hydrogen peroxide poisoning just as efficiently as catalase. Methyl glyoxal 
acts similarly. 

The explanation of the peroxidatic and catalatic activity of iron systems offers 
theoretical problems of fundamental importance. Are we able to explain the peroxidase 
function of iron systems also on the basis of a catalysis with a valency change of the 
metal or rather on the basis of peroxide catalysis? The evidence favoring the former 
point of view will be discussed on page 70 and that supporting the latter on page 123. 

There is no difficulty in explaining the peroxidase function by Wieland’s 
theory as is done by Bbbtho 106), p. 727). From the standpoint of dehydrogenation 
catalysis and acceptor specificity it does not matter whether Og is added as — 0 — 0— 
to the bivalent iron or whether HgOg is attracted to it by secondary valencies. In that 
case two electrons of the metal and two hydrogen ions from water (derived from the 
substrate) would add on to the hydrogen peroxide and hydrogenate it to water: 
H — 0 — 0 — H + 2 H = 2 HgO, or, written more accurately 

2H+ + 2S 

2 >Fe“ + 2 HjO + H+— "0— Q-— H-*- - - -»2 > Pe'” • OH + 2 H+— 0“— H+ 

In the case of simple iron salts this may he an induced reaction; in the case of iron com- 
plexes which are capable of repeated reduction of the ferric stage (especially if the iron 
is contained in the molecule of hemin ferments like peroxidase*) this process becomes 
a true catalysis. It is readily seen that in the ease of cysteine metal complexes, for 
instance, the hydrogenation of 'Sfiz is a direct continuation of the preceding 0^ 


See, however, Haurowitz (468), 469)). 
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catalysis leading to further dehydrogenation of substrate molecules (Michablis 800)). 
However in this case and especially in induced reactions, the possibility of peroxide 
formation on the iron and copper, as postulated by Manchot and discussed by Wibland, 
must not be overlooked (p. 123). 

The strong catalatic activity of heavy metals cannot be explained so readily. 
Wibland has acknowledged that the apparently simple (monomoleciilar) decomposition 
of into HgO + 0^ is out of the question since no atomic oxygen is formed. He 
interprets the reaction as consisting of the dehydrogenation of one hydrogen peroxide 
molecule and hydrogenation of another peroxide molecule: 

1) H— 0— 0— H (+ Catalyst) ^ Og + 2 H 

2) H— 0— 0— H + 2 H ^ 2 HgO. 


The monomolecular course of the reaction is probably simulated by the fact that 
only reaction 1) proceeds with measurable velocity while 2) is instantaneous (Franks 
Lc. 388), p. 177)). One might think, therefore, that here also a valency change of 
the iron takes place so that the ferric iron is reduced by HgOg to ferrous iron which in 
turn transfers the electrons and hydrogen ions to the second HgOg molecule. The 
difficulty is that ferric iron, according to Manchot, does not react with HgOg. For 
this reason, Manchot favors a mechanism with peroxide formation at the metal; 
however, the regeneration of ferrous iron from Fe . . Og which is to be postulated if the 

scheme > Pe + 2 H — 0—0 — H ^Fe . . Og + 2 HgO is to result in catalysis, is 

somewhat doubtful. Manohot’s formulation has been attacked by Haber who inter- 
prets the process as a complicated chain reaction (p. 123). Wibland assumes that a 
small amount of ferrous iron exists in stationary concentration in the system due to 
interaction of ferric iron with HgOg as donator. The donator function of HgOg is especial- 
ly supported by the decomposition of diethyl peroxide by ferrous salts (1307)) yielding 
ethyl alcohol and acetaldehyde. This is explained by hydrogen transfer from one 
peroxide molecule to another (for details see Franks (l.c. 388), p. 178)). While the 
mechanism of the catalysis by simple iron systems is still obscure, for hemin catalysis 
a possible explanation has recently been put forward by Haurowitz 468) based on 


H 


the polar structure of HgOg. He attributes to it the formula ^0“^ — 0~, or simply, 


K 


\ 


H 


H^ 


0~~>0. This formulation would explain the well known fact that hydrogen 


peroxide may act both in a reducing and an oxidizing manner. In accordance with 
such a structure it could, as suggested by Wibland, serve as a hydrogen donator by 
hydrogenating the terminal 0 atom of another molecule so that two molecules would 
yield two HgO molecules. Bancroft 63) on the basis of his potentiometric studies 
writes the reaction as follows: 


2 H + 0:0 + + Og. 

He deduces from his measuremtots that a substance is reduced by HgOg if its true 
electromotoric force as referred to any type of electrode and any type of solution is 
greater than that of the HgOg in the same system, and that it is oxidized by HgOg if the 
reverse is true, provided, of course, that the reduction or oxidation is kineticaliy possible. 
Such a reaction is promoted by the hemin catalyst without a valency change. The 
ferric iron of the hemin holds the HgOg (just like HON, etc., p. 73) at the terminal 0 
in coordinative linkage and effects its hydrogenation by hydrogen from any available 
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source. The source may be electrolytically produced hydrogen at the cathode, a 
reducing chromogen or itself. The general equation would be: 

O^OHs + DHg +++ -f 2 H^O + D, 

with HgOg as donator: 

Pe4--r+.... 0^ OHg + H20-~>0 + 2 HgO + Og. 

Such complexes have been discovered by spectroscopy (p. 80). According to Stebn 
1073), the same scheme holds for the enzyme catalase. B^Ogis attached to the enzyme 
molecule. At the surface of the catalyst the peroxide is split into the free radicals 

OH which enter a chain reaction. In the case of catalase Stern (1085), see p. 176) 
was able to demonstrate complex formation with ethyl hydrogen peroxide but not 
with hydrogen peroxide. An intermediary valency change of the catalase iron in the 
course of the catalysis of HgOg has been postulated by Keilin and Hartrbb 549) 
(see p. 177) although the ferric iron of catalase, is remarkably stable and cannot be 
reduced by hydrosulfite. 

A unitary theory of peroxidase, catalase, and also oxidase action had already 
been attempted by Shibata 1049), but his concept, at least in details, conflicts with 
the more recent experimental results. Therefore it may suffice to note in passing that 
Shibata refers back to the old hypothesis of the ''decomposition of water”. The metal 
complex is supposed to form a labile aqiio compound (oxidases) or a compound with 
HgOg (peroxidase, catalase) without a valency change of the metal. The aquo complex 
is split in the hydrogen peroxide complex in H — Oj 0 — H. The free radical 

OH oxidizes the substrate, the hydrogen hydrogenates the acceptor (quinone, oxygen). 
In the catalase reaction two H 2 O 2 molecules (just as in the theory of Haurowitz) 
react with the catalyst. One of them is split into HOj OH wdiile the other is split into 
H***0— 0*-'H, The two sets of split products yield 2 HgO + Oa* The theory has been 
criticized by Zeilb (1374) p. 721). 

It may be mentioned parenthetically that Eemesow 977) reports that cholesterol 
in colloidal solution shows cyanide resistant catalase and peroxidase activity. However, 
the presence of traces of heavy metals apparently are not completely excluded, just as 
in analogous findings with phosphatides (p. 122). 

II. Extension and Reshaping of Previous Theories. 

In the preceding general discussion it has been attempted to give the skeleton of 
a theory of catalytic oxidation. It is now our task to render a more detailed descrip- 
tion of the development of these problems and, as far as possible, of the modern 
Unitarian theory. The framework is provided, but many special problems are still in 
a controversial state *). Inasmuch as the modem concept of biological oxidation places 
the main emphasis on the hydrogen transfer which will be designated as “activation” 
for the sake of brevity, the changes which Wieland’s theory has undergone will be 
dealt with first. Following this, the reshaping of Waebueg’s theory will be described. 

1) Development of Wieland’s Theory, 
a) On the Nature of the Activation of Hydrogen. 

From^ the very beginning, Wieland has attempted to define the concept of the 


*) See the comprehensive treatmeint of the subject by Feankb in Eucbe’s book (288)). 
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5 , activation of hydrogen” which is the main foundation of his theory. The activation 
which he visualizes is certainly, as a rule, not to be confused with an activation con- 
sisting in the production of hydrogen atoms. In most cases it means a deformation of 
the hydrogen molecule by residual valency forces. In any event, as in every catalysis 
at surfaces, the substrate must be "bound” to the catalyst. The molecule of the donator 
is thereby distorted and the hydrogen is "dislocated” from its firm seat in the sub- 
strate molecule (Bobsbkbn). The assumption underlying this concept is that it is 
preferably the hydrogen which represents the part of the molecule attached io the 


catalyst, as follows: D<^ ‘Cat. If free Hg is utilized in' the hydrogenation the 
bond between the hydrogen atoms is weakened bv the attraction < > Cat. 

(h' 


Also on palladium surfaces this deformation of the molecule is the essence of hydrogen 
activation and not its splitting up into atoms. During the hydrogenation of the accep- 
tor which is likewise adsorbed on the catalyst the hydrogen severs its residual valency 
linkage and goes to the acceptor (Wiblanb 1302), Quastbl 943)). 

The concept of a labilization of hydrogen and of its attraction by the active center 
of the catalyst is especially important, because itieads without difficulty to the modern 
hypothesis that the hydrogen is completely taken over by the catalyst which is thereby 
hydrogenated or at least reduced in the case of a heavy metal. In the latter case the 
liberated hydrogen atom is not attached as an entity to the catalyst but only its elec- 
tron is taken up while is set free. 


Though from the outset one could predict that the complicated and in its premisses 
improbable theory of oxidation-reduction of Bach would eventually be absorbed 
by the more comprehensive theory of dehydrogenation-hydrogenation of Wibland, 
Bach has made several attempts to preserve it by trying to establish differences 
between "oxidation” and "oxido-reduction”. Bach and Michlin 62) state that in 
presence of Og xanthine dehydrogenase does not effect a reduction of oxygen but that 
uric acid is formed by some kind of dismutation. This has been refuted by Wiblanb 
and Eosbnfelb 1325). The milk enzyme dehydrogenates aldehydes (and xanthine) 
in presence of oxygen and it dismutes aldehydes in absence of oxygen (Wiblanb 1319)). 
This is not a general rule. In the case of acetic acid bacteria there exists a separate 
"mutase” (Wiblanb and Pistor 1321)). It is true that according to Bach 64) highly 
purified aldehydrase from milk yields more salicylic acid anaerobically with acceptors 
than under aerobic conditions. But the reason for this phenomenon is that the hy- 
drogen peroxide formed in the reaction inactivates the purified enzyme which is 
protected by catalase in the less pure preparations (Wiblanb 1319, 1325)). The same 
fact may possibly explain the claim of Ebichbl 966) that aldehydrase (from milk) 
is anoxytropic. Only in the presence of yellow enzyme it is stated to dehydrogenate 
aldehyde with simultaneous hydrogenation of the flavin enzyme; otherwise, it is said 
to act as a mutase (see p. 262). Another claim of Bach 63) that the dehydrogenation of 
succinic acid in presence of oxygen or of methylene blue as acceptors is brought about 
by different mechanisms has been refuted by P. G. Fischer 337). In both cases the 
same dehydrogenase is effective. The reason for the inferior behaviour of methylene 
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blEe is that leuco methylene blue is very slightly soluble and is strongly adsorbed 
by the muscle fibers present in the preparations. The inferiority of quiiioiie is due to 
its toxicity towards the enzyme (Wibland 1311)). 

The '‘hydrolytic” theory of Battblli and L. Stern has been refuted by Oppen- 
HEiMBR 903) and recently by Franke (l.c. 288 ), p. 126). 

Dehydrogenation by Metals: Another important step in the development of 
Wibland’s theory was the demonstration of its applicability to certain heavy metal 
catalyses occurring in the absence of oxygen. Not only platinum or palladium 
surfaces but also other heavy metals are capable of transferring hydrogen in the absence 
of oxygen. Prom the point of view of ‘‘valency change” catalysis it makes no theoretical 
difference but is only a question of potentials and acceptor affinity whether a heavy 
metal catalyst in the reduced form is reoxidized by oxygen (or hydrogen peroxide) or 
by another acceptor. 

Even more important are those experiments which concern the role of iron in 
oxidation by molecular oxygen as well as by hydrogen peroxide and which have led 
to entirely new points of view. 

The previous theory concerning active peroxides (Manchot) or peroxide like 
substances (like the poorly defined higher stages of iron oxides of Warbxjro) was 
sufficient to explain only induced reactions in which ferrous iron via intermediates 
of about the type Fe-’O^ promotes the oxidation of the substrate by the scheme of 

Enoler (AOg + B > AO + BO) and comes to rest as ferric iron (see Oppbn- 

heimbr 903 )). For a catalysis, this scheme is insufficient since it cannot explain 
satisfactorily how the regeneration of the ferrous form is brought about. The possi- 
bility that the peroxide yields its entire oxygen to an acceptor and is thus reduced to 
the ferrous form would not be plausible as a general scheme. 

Thus Wibland was led to develop a different concept based on the assumption 
that ferrous iron does not activate the oxygen but the hydrogen of the substrate and 
that this process is brought about by the formation of a complex between ferrous iron 
and substrate. One of the most important observations suggesting this hypothesis 
was the “Primarstoss” (initial peak). If an oxidizable substance in weakly acid 
solution is allowed to react with ferrous salt and hydrogen peroxide an immediate 
extremely rapid peroxide decomposition is observed which is much greater than that 
calculated for an induced reaction involving peroxide formation. In the case of some 
substrates the reaction will stop at this point, in the case of others a catalysis follows 
which may be due to dehydrogenation of the substrate and a concomitant reduction 
of ferric to ferrous iron. Tartaric acid, for instance, is oxidized to dihydroxymaleic acid 
by the “Primtotoss”. The subsequent catalysis is carried on via tartaric acid and 
dihydroxymaleic acid: 

CHOH-COOH — 2 H 0*(OH)-COOH 

I ^11 

OHOH-COOH C-(OH)-COOH. 

A further important milestone in this development was the recognition of the 
significance of complex formation with heavy metals which was promoted not only 
by Wibland but also by Michablis and by Bobseken, It is probable that all true 
catalyses are based on the phenomenon that the decisive valency change does not 
concern simply ionized metals but metalcomplexes showing entirely novel features. 
It appears that simple salts are able to cause only induced reactions leading to the inert 
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ferric stage. Tte new featnre^ depend, of course, on the structure of these complexes. 
On the one hand, complex formation tends to lower the potential of tlie Pe +++/Ee+"^ 
system (Franke352)) which in itself would produce an increase in reaction rate, 
especially in the.ph range of 5- — 7, on the other hand Smythe 1061) points out that it 
should be more difficult to remove an electron from a nucleus carrying a double positive 
charge (ferrous ion) than from a non-ionized ferrous complex. Furthermore, the rear- 
rangement of the valencies in the organic structure due to the introduction of the 
heavy metal causes a labilization of hydrogen. Franks 353) has studied the structure 
and the properties of a number of iron complexes. In the case of the intramolecular 
oxidation of thiol groups in the cobalt cysteine complex this labilization of hydrogen 
has been experimentally demonstrated with the polarograpli by BediSka. 

For these considerations is it not necessary to restrict oneself to complexes in the 
narrow sense of the term. Salts of simple structure are also catalytically active if the 
metal has an opportunity to exert, besides its main valency, also residual valency 
forces. If, for instance, the metal salt of a hydroxyacid is formed, the metal will replace 
the hydrogen atom of the carboxyl group, but it will also exhibit covalency bonding 
with the hydroxjd group (or a thiol group, as the case may be). This intails a defor- 
mation of the molecule. By attracting the 0 of an OH group the H is repelled by the 
metal and thereby mobilized. For the example of ferrous tartrate Smythe 106) has 
developed more detailed formulas. Similar schemes might be applied to the catalytic 
oxidation of cysteine (p. 22) especially to that phase of the reaction where the ferric 
cysteine, initially formed by the oxygen, is rearranged intramolecularly to ferrous 
cystine. Also in carbonyl compounds (aldehydes) the metal may attract the oxygen 
thus changing the charge on the carbon atom and mobilizing the hydrogen. Finally, 
WiELAND assumes that even oxygen (or H^O^) is involved in the complex formation 
and that the ferrous iron is thus protected for a certain period and is given an oppor- 
tunity to „activate'’ the oxygen (see Frankb (288) p. 199)). 

On the basis of this concept,WiBLANDhas encompassed reactions as instances of 
hydrogen activation which formerly had been interpreted as peroxide formation with 
the iron, e.g. the '^autoxidation’’ of arsenite to arsenate by ferrous iron which is an 
induced reaction. In other, similar reactions, e.g. in the system Fe*^“^ — 0 ^ — ^hypophos- 
phite, WiBLAND and Franke 1313) found that they are no true induced reactions. 
The induction factor is much too large, they are incomplete catalyses and stop because 
the metal eventually is stabilized in an inactive ferric state. The authors consider 
these processes as cases of hydrogen activation where Fe++ transfers activated hydro- 
gen to oxygen until it is gradually oxidized by Og or HgOg to Fe+++. These consider 
become true catalyses if a minute amount of complex forming organic acids (dihydr- 
oxymaleic acid, thiogly colic acid, various jS-ketoacids) are added (combined autoxida- 
tion systems). The latter act catalytically because their ferric complexes are readily 
reduced to ferrous complexes. An excess of these '‘activators’' acts in an inhibiting 
manner because the formation of the main complex, e.g. of the hypophosphite com- 
plex, is prevented. Various organic substances like thiogly colic acid or pyroeatechol 
behave like hypophosphite. With simple fatty acids, however, only induced oxidation 
has been observed. Here, the ferrous iron is able to transfer oxygen only until it is 
oxidized to ferric iron since no complex formation between the Fe and the substrate 
takes place. It is only after the addition of complex forming substances, e.g. thio- 
glycolic acid, that the simple fatty acids are catalytically oxidized. It should be men- 
tioned that, according to Bockenmueller 129 ), in the oxidation of hypophosphite 
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there is first formed a phosphoric. acid radical which propagates the further oxidation 
as a chain reaction (p. 44). 

We see that as a result of this trend the theory of primary dehydrogenation was 
slowly penetrating into the realm of heavy metal catalysis and that Wibland, in ac- 
cord with. Warburg, has stressed the significance of the valency change for this type 
of catalysis. This is coupled with the assumption that the participation of oxygen is 
only due to the fact that the reduced form of the catalyst is aiitoxidkable. 

b) The Eole of Hydrogen Peroxide. 

For some time the question whether in the course of an oxidation by molecular 
oxygen hydrogen peroxide is formed was considered to be of prime importance in 
deciding whether activation of hydrogen or of oxygen had taken place. Wiblanb 
assumed that HgOg is formed by necessity; Warburg argued against this view (Oppen- 
HEiMBR 902)). This controversy is a thing of the past. Whenever a catalysis involving 
initial dehydrogenation, with or without heavy metal, occurs, hydrogen peroxide is 
produced by the hydrogenation of oxygen. Besides this mode of H 2 O 2 formation there 
may occur a secundary H 2 O 2 production by the reaction of peroxides with water which 
is no longer denied by Wieland 1302). 

It is mainly the merit of Wieeand’s school that on the one hand the formation of 
H 202 has been demonstrated both in model systems and in biological experiments, and 
that on the other hand the cause for its frequent failure to appear has been revealed, 
namely, that the peroxide is decomposed in the course of the reaction. It need hardly 
been mentioned that hydrogen peroxide cannot be detected in biological systems if the 
cells contain catalase (see for instance Wieland 1299)). 

Model Experiments. 

It has been shown by Wieland and Franke 1313) and by Macrae 742) that the 
non-catalyzed HCN-resistant autoxidation of methylene blue, pyrocatechol, pyro- 
gallol, and dihydroxymaleic acid represents a typical hydrogenation of oxygen leading 
to H 2 O 2 production. Detection under these circumstances is possible since H 2 O 2 reacts 
only slowly with the leueo forms (Macrae). Hydrogen peroxide is also formed by the 
autoxidation of methyl glyoxal + HCN, the end products of which are acetic acid and 
formic acid (Smyths 1062)). If methyl glyoxal reacts with HCN under anaerobic 
conditions pyruvic acid and a polymer of CgHgOg are formed by dismutation(1062)). 

If a heavy metal catalysis replaces the simple metal-free autoxidation of such 
organic donators, hydrogen peroxide disappears almost invariably. 

It is especially true for iron catalysis, less for copper: When leuco methylene blue 
is dehydrogenated with copper as a catalyst hydrogen peroxide may be detected 
(Eeid 971)), If pure iron salts are permitted to autoxidize in the presence of H 2 O 2 the 
latter disappears while it will not be destroyed during the oxidation of copper salts 
and only partly by that of complex cohalt salts. The kinetics of this reaction has been 
studied in detail by Wieland and Franks 1312, 1314, 1316, 1316). Under the same 
set of conditions H 2 O 2 will react 10 times faster than oxygen in the presence of copper 
and 100 times faster in the presence of ferrous iron. The disappearance of H 2 O 2 in 
presence of iron is due to two types of reaction, a catalatic and a peroxidatic one. 
Iron salts will decompose HgOg catalatically into water and oxygen. Palladium will 
do the same. During the dehydrogenation of alcohol, hydrogen peroxide which has 
been added to the system is destroyed. The demonstration of hydrogen peroxide for- 
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■ mation diiriB.g the hydrogen-oxygen reaction which has been used as an argnment 
against Wielanb’s theory (Tanaka 903), p. 1289) is made possible by kinetic cir- 
cumstances, namely, by the greater H-concentration prevailing at the surface' of the 
metal (Wielanb 1310)). In the case of palladium black, Macrae 743) has succeeded 
in fixing and demonstrating H 2 O 2 formation in the dehydrogenation of methanol and 
alcohol as in the Hg + Og reaction. Secondly, all these heavy metal systems, expecially 
iron, have a strong peroxidase action. The complexes which they form with the organic 
substrate are attacked by HgOg which, in turn, is thereby destroyed. We are dealing 
here partly with induced reactions and partly with true catalyses. The second sub- 
strate may be a diphenol, p-phenylene diamine, dihydroxymaleic acid, or a thiol com- 
pound (for details see p. 70). It may be mentioned here that Harrison 463) was 
able to demonstrate these relationships by adding ferrous salt to an autoxidkable, 
heavy metal-free system, e.g. hypoxanthine plus dehydrogenase. There will occur a 
dehydrogenation reaction closely resembling peroxidase action. This reaction is gaming 
more and more in importance: it may well be the normal sequence of reactions and it 
may have a considerable biological significance (p. 22). The first step consists in the 
autoxidation reaction proper yielding H 2 O 2 * subsequent stage the metal acts 

on the peroxide in statu nascendi as a peroxidase. This process may extend far beyond 
that of a reversible oxidation-reduction reaction. Such processes are apparently in- 
volved in pigment formation. A few examples may be given: 

In the course of the iron catalysis of hydroquinone at first HgOg is formed. In 
conjunction with iron there follows a peroxidatic change of the quinone to humin 
substances. A similar change occurs with the polyphenol ethers as the substrate; 
they are stable against Fe + Og (Bach 60 )). No purpurogallin is formed in the 
oxidation of pyrogallol by Fe + HgOg, as is the case with peroxidase as the catalyst, 
but humin substances. The primary product in this case is an inactive pyrogallol- 
iron complex (Wassbrmann 1385 )). Epinephrine behaves similarly (see e.g. Meerit 
Welch 780 )). A similar explanation may hold for the observation of Bingold 120 ) 
that hemin + HgOg will decolorize methylene blue irreversibly. The oxidation by a 
metal 4- hydrogen peroxide is a very drastic process and goes much further than 
ordinary biological dehydrogenations. In the decomposition of fatty acids by copper 
acting as peroxidase a drastic degradation has recently been observed (Smbbley- 
Maglean et al, 1069 )). It might be possible that in this instance the model reaction 
may possess true biological importance. Further details will be found on pp. 70, 254. 

The theoretical significance of these observations is to be seen in their classification 
by Wielanb as an acceptor hydrogenation of HgOg by the substrate, thereby postulating 
complete equality for molecular oxygen and hydrogen peroxide. This is equally im- 
portant for the development of the view that the heavy metals too first act as dehy- 
drogenases and then in turn, are dehydrogenated themselves, as it is for the interpreta- 
tion of the biological action of peroxides, i.e. of the peroxidase function. It is in keeping 
with the assumption of Wielanb that the catalatic breakdown of hydrogen peroxide 
represents a coupled dehydrogenation and hydrogenation of two HgOg molecules. 

Hydrogen Peroxide in Biological Systems. 

Some time ago H^Og formation was first detected in biological systems. It was 
found in catalase-free bacteria and also in a cell-free enzyme system, namely, when 
xanthine is acted upon by the purine dehydrogenase of milk (Thijrlow, Dixon). A 
little later Wielanb and Fischer 1310 ) and Whblbale-Onslow 1397) observed 
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HgOg production in the dehydrogenation of polyphenols by a thermostable and oyanide- 
■resistent inorganic salt mixture obtained from mushrooms. These findings, however, 
did not carry very much weight since the peroxide concentrations were very small 
owing to the presence of iron containing oxidases. Moreover, the observations made 
with the salt mixture from Lactarius could not be reproduced. The true oxidizing 
enzyme present in the same source does not yield H 2 O 2 (Wieland and Suttee 
1326 )). 

Since then, the formation of hydrogen peroxide by the action of the Schardinger- 
enzyme which dehydrogenates xanthine and aldehydes has been confirmed by Wieland 
1311, 1319, 1320) in extensive experiments. The quantitative method which he em- 
ployed is based on the following principle: 

HgOg is stabilized as cerium peroxide by adding ceric salt; the peroxide is decom- 
posed with acid into HgOg and ceric salt. The hydrogen peroxide is destroyed by catalase 
and the ceric ion is determined by titration. If the biological system contains catalase 
to begin with, the method will fair because the enzyme reacts much more rapidly with 
HgOa than does the cerium salt. In other instances (lactic acid bacteria), it has been pos- 
sible to determine the H 2 O 2 by direct titration. KI is added and the iodine liberated is 
titrated with thiosulfate. 

Other examples of HgOg formation are reactions catalyzed by cyanide resistent 
oxidases, e.g. tyramine oxidase (Hare 451)) and amino acid dehydrogenase. The same 
holds for the cyanide sensitive urioase (Keilin and Hartree 546)). One molecule of 
O 2 yields one molecule of HgOg. In certain coupled reactions, however, the HgOg is hy- 
drogenated by the substrate, e.g. alcohol, phenylene diamine. 

It has since been possible to detect and to assay quantatively HgOg in living cells 
which are void of catalase. The experiments by Platt 933) and Hewitt 480) with pneu- 
mococci and streptococci confirmed the earlier observations, e.g. of Avery, but they 
were only qualitative in nature and therefore not quite decisive. Dubos 221) showed that 
the limiting factor in peroxide formation by pneumococci is the donator concentration; 
addition of sugar will cause a continuation of HgOg formation. Eventually Bertho 
and Gluck 107, 108) succeeded in solving this problem with the aid of catalase-free, 
facultative anaerobic lactic acid bacteria (B. Delbriicki, acidophilus, Jugurt). 
They showed that the entire Og which is absorbed is converted into HgOg (E.Q. =• 0,5). 
Finally, the bacteria are poisoned by the peroxide and they die. The same observations 
have been made by Fromageot 378) with B. bulgaricus. 

These cells represent very special cases of enzymatic systems. They contain no 
hemins (not even cytochrome) and they are accustomed to live anaerobically. The 
rather unphysiological respiration which is '‘forced” upon them by bringing them into 
oxygen is catalyzed by the yellow ferment (p. 42). We are dealing here, then, with an 
acceptor respiration (p. 108) which may be increased by adding methylene blue up to 
300 per cent and which is not affected by cyanide or carbon monoxide. The substrate 
which is utilized in this respiration is some product of the anoxybiontic carbohydrate 
breakdown which is symbolized by Davis 196) as 'Tactic acid.” 

Acetobaeter peroxydans is the exceptional case of a strongly respiring bacterium 
with hemin enzyme systems which is free from catalase and still does not produce hy- 
drogen peroxide. Wieland 's 1321) investigation has revealed that the bacterium 
compensates for the lack in catalase by a strong peroxidatic activity ofits hemin systems; 
even extraneous HgOg is utilized for the dehydrogenatioi^^ of alcohol or, in the model 
reaction, of p-phenylenediamine. We are dealing here with a case of special adaptation, 

Oppenheimer-Stem, Biological Oxidation. 3 



84 


ACCEPT6E SPECIFIOITy 


since the bacterium is capable of oxidizing molecular hydrogen by hydrogen peroxide 
only under anaerobic conditions. Upon admission of Og this reaction ceases, probably 
because O 2 displaces the HgOg from the surface of the catalyst by virtue of its greater 
affinity. 

In the case of cells containing catalase but possessing a cyanide resistant respiration, 
e.g. Ohlorella, the attempt to detect HgOg, even after inhibition of the catalase by 
HON, has failed to yield positive results (Tanaka (see Oppenhbimer903)). Presumably 
also in tliis case the H 2 O 2 is decomposed in a peroxidatic reaction by the hemin system 
which may be present but not always be active. It is to be remembered that the respira- 
tion of Ohlorella occurs via the flavin system only if sugar is lacking; otherwise the 
respiration is catalyzed in the usual manner by the ferment hemin (p. 42 and 260). 

c) Acceptor Specificity. 

The most important development of Wibland’s theory in recent years has been 
the recognition of specificity of dehydrogenases also with respect to the acceptor. In 
other words, we have come to realize that the acceptor too exhibits specific affinity for 
the catalyst, and not only the donator. The term affinity is applied here in the same sense 
as in the exposition of the general theory of catalysis. It represents a tendency to form 
complexes which may be interpreted either as adsorption or as residual valency com- 
pounds. 

Even in his first publications on biological oxidation Wiblanb considered the 
possibility of adsorption of the acceptor on the catalyst. Furthermore, he pointed out 
that certain compounds of considerable oxidizing power, e.g. persulfates, are not suitable 
as acceptors in dehydrogenase systems. But Wieland did not recognize the specific 
element; for all ordinary cases his theory explicitly postulated that any possible and 
thermodynamically permissible acceptor could be utilized. The same enzyme, for instance, 
was supposed to dehydrogenate acetaldehyde, and to transfer the hydrogen to another 
molecule of aldehyde (dismutation) or to a quinoid dye (ScHAuniNGER-reaction) or to Og. 
The only exception that Wieland mentioned was that, in view of the specificity of the 
peroxidase action, HgOg cannot act as acceptor for the ordinary dehydrogenases of the 
cell but only for peroxidases. It has previously been pointed out (Oppbnheimer 903)) 
that this justified assumption punctures Wibland’s theory with regard to an essential 
point. If in one case acceptor specificity had to be admitted there was no reason why the 
principle of non-specificity should be maintained for the other acceptors or en- 
zymes. 

As a matter of fact, the hypothesis of free choice of acceptor has been refuted by 
subsequent developments. When the acceptor was varied with the same catalyst-donator 
combination, differences were observed which have led to the rule that in each case the 
catalyst, and especially the dehydrogenases, are functioning in a specific ternary 
system and that the acceptor is, at least quantitatively, of decisive importance for 
the effect. 

There are, for instance, true dehydrogenases which, contrary to the case of the 
xanthine dehydrogenase and aldehydrases which have been particularly stressed by 
Wieland, are unable to react with molecular O 2 unless another autoxidizable system 
(heavy metal catalyst) is present. This conclusion is inevitable if it is admitted that 
poisoning by cyanide in very small concentrations is adequate proof for the participation 
of an iron system. The first case of this kind was that of succinic acid dehydrogenase 
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(see Oppenhbimbr 902 )). The enzyme action is resistant against cyanide if a dye is used 
as; acdeptor, while the hydrogenation of oxygen is cyanide-sensitive. The same is true 
for citric acid and for lactic acid dehydrogenase. These enzymes have been designated 
by Thunbeeg as anoxytropic dehydrogenases. Here it has indeed been possible 
to prove that they no longer react with Og in purified state. Lehmann 710), continuing 
the work of L. Stern and of Hahn, has recently shown that if succinic dehydrogenase 
is kept at 0® the reaction with Og is completely abolished. Conversely, almost alF 'anoxy- 
tropic’’ dehydrogenases may be made to utilize oxygen if a heavy metal catalyst is added. 
This has been demonstrated for the "anoxytropic” glucose dehydrogenase by Harrison 
458). However, his findings could not be confirmed by Ogston and Green 895). The 
weak aerobic action in the system dehydrogenase-glucose was increased sixfold if he 
added cytochrome c and respiratory ferment (in the form of washed sheep heart muscle). 
In the absence of the dehydrogenase the reaction did not proceed. A similar finding was 
made by Barron and Hastings 83) in the system lactic acid dehydrogenase (from 
gonococci) + nicotine hemochromogen or cresyl blue. 

With respect to these anoxytropic dehydrogenases it appears to be established that 
they are unable to react with molecular oxygen because they show no affinitj/- for it. 
Franks (Lc. 288), p. 240) explains this by the fact that the small oxygen molecule is 
adsorbed and deformed only with difficulty and that a particular structure is required for 
combination with oxygen, e.g. complex metal configurations. One might mention here also 
the affinity of oxygen for polyphenols. As a matter of fact, only few organic substances 
and only those belonging to a few classes of the system are autoxidizable. The acceptor 
specificity is, then, proven to satisfaction in these instances. 

When testing for purposes of comparison a number of different acceptors, physical- 
chemical and toxic factors may confuse the issue. Experiments with intact cells, in par- 
ticular, are not quite suitable for obtaining clear cut results. The situation is much 
simpler if isolated dehydrogenases are used. It is true, though, that even here affinities 
may be simulated by inhibition of the enzyme by certain acceptors. Methylene blue and 
quinone are cases in point (Wielanb 1320)). Quinone poisons the succinic dehydrogenase 
of muscle tissue (Wielanb and Prage 1311)), the aldehydrase of yeast (Wielanb and 
Glarbn 1308, 1309)) and, more slowly, also the aldehydrase of milk (1320)). The isolated 
alcohol dehydrogenase of yeast reacts with Og and methylene blue, but not at all with 
benzoquinone (Muller 842)). On the other hand, the enzymatic activity may be harmed 
with Og as the acceptor if the purification of the dehydrogenase has eliminated the last 
traces of catalase so that the toxic HgOg which is formed in the enzymatic process is no 
longer destroyed. The aldehydrase of milk is an example (Wielanb and Eosbnfeld 1325)), 

The phenomena observed with whole cells are very complex. Besides considerations 
of acceptor specificity there enters the question of diffusion and permeability in general, 
furthermore specific inhibition of the enzyme proper (see above) and lastly secondary 
reactions of the acceptor with other components of the cell, e.g. with the hemin enzymes. 
There is the further complication that in comparative experiments with acceptors and 
O 2 with respiring cells the reduced form of the acceptor will not react directly with Og 
but that it will be reoxidized by the ferric form of the respiratory ferment (Warburg). 
Thereby the dehydrase action becomes cyanide sensitive in an indirect maimer even if 
the enzyme as such should be cyanide resistant. In any case thes^ /disturbances mask 
the true kinetics of the enzyme reaction. | 

' In the first place problems of diffusion have to be considered when working with 
intact cells. Bebtho (105), p. 732) states that besides Og biological acceptors like acet- 
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aldebyde will ' readily ' penetrate into the cell. As a rule, this holds also for quinone which 
is a very strong acceptor. Equal affinity for the enzyme surface assumed, these acceptors 
will act similarly to 02 even with intact cells. This is not true for the quinoid dyes. The 
efficiency of methylene blue as an acceptor, for instance, will sometimes be found to be 
close to that of quinone or oxygen, as with lactic acid bacteria (Bertho and Gluck 
108)), in other cases it is found to be much less efficient, e.g. with acetic acid bacteria 
(WiELAND and Bertho 1305), Eeid 973)), with yeast (Wibland 1308 , 1309 )) and 
Thunbero 1173)), or with minced muscle (Wibland and Eragb 1311 )). 

The participation of permeability factors is brought out by experiments by Ambrus 
et. al. 33) with yeast. Methylene blue which has once penetrated into the cell is reduced 
three times faster than the dye outside the cell. Furthermore, the apparent inferiority of 
methylene blue compared with Og and quinone disappears, both in the case of yeast and 
of acetic acid bacteria, if acetone preparations with destroyed cell structure are employed 
(Wibland 1301)). Plasmolyzed yeast reduces methylene blue twice as fast as intact 
yeast (Harrison 456)). 

That some complications are caused by the cell hemins is indicated by the different 
behaviour of hemin containing cells. Bertho 104) reports that those cells which are free 
from hemin (lactic acid bacteria) react with methylene blue and with quinone as well 
as with ©2 (Eatio Og: Methylene blue: Quinone = 1 : 2.5 : 4.0). The cells reacting ab- 
normally have a true respiration and a complete heminsystem. In acetic acid bacteria, for 
example, quinone inhibits the oxygen uptake (Wibland and Bertho 1305)); methylene 
blue will do the same in the case of yeast with acetate as the substrate (Wibland and 
Claren 1308, 1309)). The interpretation of these observations is still in a state of con- 
troversy. Wibland thinks that the inhibitor blocks the catalyst so that oxygen cannot 
react with it (e.g. in the quinone inhibition of acetic acid fermentation) while Warburg’s 
school (Eeid 973)) prefers to think of an interaction between the acceptors and the 
cell hemins, just as Warburg has conclusively demonstrated in the case of the blood 
hemins (p. 82). According to this view the acceptor does not react directly with the 
substrate, at least not exclusively, but in the first place with the hemin and thereby 
initiate an acceptor respiration which is only slightly cyanide-sensitive. This fact is 
interpreted by Wieland as a replacement of the cyanide from the catalyst surface by 
the acceptor, while, according to Eeid, quinone reacts chemically with HCN. It may 
also be that, conversely, the acceptor dehydrogenates the substrate and hands on the 
hydrogen to the final oxidation system, either directly to the respiratory ferment or to 
cytochrome (see also Tanaka 1136)). Experiments with cells the structure of which 
has been destroyed cannot decide the question which of the two factors, permeability 
or reaction with cell hemins, is the more important one. The increase in effectiveness of 
methylene blue under these conditions may be due to facilitated access to the interior 
of the cell as well as to destruction of the hemin system which is known to be linked 
up intimately with the cell structure. The methylene blue respiration of such cells is 
no longer cyanide sensitive (Meyerhof) (see also p. 108). 

Inspite of all these complications significant differences with various acceptors 
when used in the same donator-catalyst system may be observed. A few examples may 
illustrate this statement (see also Wieland 1311 ) and Franke (l.c. 388), p. 210)). 
Firstly, there exists a general acceptor specificity since certain thermodynamically 
powerful acceptors *) are completely inactive in dehydrogenase systems, e.g. diethyl 

*) The striking obseivation that aliphatic carboxyl groups are never acceptors in spontaneous 
processes has a thermod3?namic reason. The dehydrogenation of aldehyde hydrate (GH(OH)sj— > 
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peroxide and potassium persulfate (Bebtho 103)). On the other hand, the resistance of 
disulfide groups towards dehydrogenases of acetic acid bacteria is a special case since 
the S— 8 group may be utilized as acceptor in other instances. That it is the affinity 
between acceptor and donator-catalyst system which matters is shown by the fact 
that the 'hnain acceptor” methylene blue is not utilized at all in the deamination of 
amino acids though, according to recent energy data, it is thermodynamically permissible. 
It may be that we are faced here with structure-linked specificity since all preferred 
acceptors for amino acid hydrogen contain C = 0 groups (quinones, alloxane, isatin) 
(see also Franks Lc. 288), p. 154). The new outlook with regard to acceptor specificity 
will probably help to reinterpret many biological observations, e.g. the fact that nitrates 
cannot always serve as acceptors for animal tissues and sulfates not at all, while both 
substances are utilized in this capacity by plant tissues and bacteria. 

It is not possible to speak in a mere qualitative sense of the suitability of an accep- 
tor; we are dealing with quantitative differences. It is to be noted that thermodynamic 
relationships are not the only ones to he considered. This may he concluded from the 
different effect of various dyes on the acceptor respiration (p. 108). Of course, thermo- 
dynamic questions play an important part. The well-known fact, for instance, that the 
classical ‘"oxidases” (phenolases etc.) react exclusively with Og, is very probably due to 
the inability of the usual acceptors to dehydrogenate these substances of very positive 
potential. That thermodynamics is not the only consideration is demonstrated by the 
example of the glucose oxidase of Muller which has exactly the same effect as the 
anoxytropic glucose dehydrogenase of Harrison (formation of gluconic acid); but that 
reaction in contrast to the latter, occurs only with Og, quinone and certain dyes of high 
Fj 0 , but not vith methylene blue, nitrate, etc. (W. Franks and F. Lorenz, Lieb. Ann., 
532, 1 (1987)). 

In view of the importance of the subject some special examples of measurements 
with aldehydrases may be given here. The relationships in this field are particularly 
intricate. First of all, the question of donator-specificity is still to be answered. It is as 
yet undecided, for instance, whether purine dehydrogenase and aldehydrase are identical, 
as is believed by the school of Hopkins, or whether they are different entities as Wielanb 
maintains. In order to find out whether the aldehydrase and the xanthine dehydrogenase 
of milk are identical Wieland and Mitchell 1320) have studied the enzyme reaction 
with methylene blue and quinone as acceptors. The substrate was a mixture of xanthine 
and aldehyde. With methylene blue as acceptor the entire xanthine was dehydrogenated 
first and it was not until afterwards that the aldehyde was dehydrogenated. In the case 
of quinone the opposite is observed: 80 per cent aldehyde and 20 per cent xanthine are 
attacked. This demonstrates that the combination between enzyme and substrates is 
markedly affected by the acceptor. In presence of methylene blue the active center of 
the aldehydrase is blocked by xanthine and becomes available only after the latter is 
dehydrogenated. This is not the case with quinone. It is probable, however, that these 
results are vitiated by the methods used. 

Another example is the aerobic dehydrogenation of acetaldehyde by yeast pre- 
viously freed from reserve substrates by aeration. Here, the acceptor function depends 
on the donator concentration. In concentrated aldehyde solution the chief acceptor is 
again aldehyde; dismutation is the result. In dilute aldehyde solution acetic acid is 
formed by the acceptor Og. With acetic acid bacteria, the predominant process is the 

(COOH -f Hg) proceeds vdth a loss in free energy (p. 11) so that the hydrogenation of COOH to 
CH(0H)2 would represent an endothermal reaction (see Table on p. 53). 
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dehydrogenation at any substrate concentration (Wielanb et a!. 1305 , 1308 , 1309 )). 
As has already been mentioned, the situation is complicated by the fact that not O 2 
but ''hemiii oxygen'’ acts as acceptor in this organism. This same holds for the experi- 
ments by Eeiohel 968) who found a decrease in dismutation upon adding indophenol 
oxidase or quinone. Eeichbl claims that aldehydrase will react with O 2 only in presen- 
ce of the yellow enzyme. 

In the case of plant enzymes nitrate reduction and dismutation proceed in entirely 
different fashion (Michlin 832)). Methylene blue is hardly utilized. While the dehydro- 
genase from potatoes does not act as mutase, the corresponding enzyme in peas acts 
almost completely as mutase. On the other hand, the potato aldehydrase is so sensitive to 
oxygen that Bebnhbim 98) was unable to decide whether it may utilize O 2 as acceptor. 
Dixon 216) has succeeded in separating the mutase and aldehydrase from each 
other. 

Also in the dehydrogenation of alcohols by bacteria differences are found with 
respect to various acceptors and donators; for results on acetic acid bacteria the review 
paper by Bbrtho 104) and with respect to butyric acid bacteria that of Wibland and 
Sevag 1326) should be consulted; tables are found in Franke (288), p. 212)). For 
instance, ethyl alcohol is not dehydrogenated by quinone, but methylene blue or oxygen 
may serve as acceptors. The ratio for iso-butyl alcohol (and similarly for iso-propyl 
alcohol) is, Oo/quinone/methylene blue == 52/112/5000; for propyl alcohol all three accep- 
tors are equally well suitable. For an account of the strange choice of acceptors by anaero- 
bic vibrios which dehydrogenate ethyl alcohol to acetic acid with the aid of sulfate, see 
Baars 49). 

These differences between the various acceptors led Woolf 1345) to develop the 
conception of the general necessity of substrate-enzyme-acceptor complex formation. 
Bertho 103) has developed these ideas further for the case of the dehydrogenase of 
acetic acid bacteria and he has applied it to the ScHARDiNGEE-enzyme. His kinetic 
considerations show that the conclusion drawn on the basis of free acceptor choice, 
namely, the linear dependence of turn-over on acceptor concentration, at optimal donator 
concentration, is not correct, but that there exist much more complicated relationships. 
The kinetic data favor unquestionably the view of a specific linkage, acceptor and 
donator and the enzyme thus forming a ternary system. 

According to this view molecular oxygen can be hydrogenated only if it is bound by 
the catalyst. 

The theory of the acceptor specifi«^ity is not limited to oxygen but has a far more 
extended range of validity. It may be applied to peroxidase action, Wieland’s view 
that peroxidases are phenol dehydrogenases with acceptor specificity for HgOg has gained 
a high degree of probability. Haber and Willstattbr 437) accept this point of view 
which previously was not shared by Willstatter 1336, 1338). Mann 753) attempts 
to explain the phenomena of peroxidase action on the basis of acceptor specificity or of 
a system substrate-peroxidase-HgOg respectively. 

The concept of invariable acceptor specificity leads directly to the modern idea 
that the enzymes of preparatory desmolysis, i.e. the dehydrogenases, must be redox 
systems themselves. In the case of the yellow enzyme or of the pyridine containing en- 
zymes this has already been experimentally verified. The oxidized form of the enzyme 
represents the acceptor combining with the substrate, the enzyme in turn combines 
with the following acceptor which may again be an enzyme or a non-enzymatic metabolic 
intermediate (p, 87). 
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Above all the recognition of the acceptor specificity makes it possible for Wie- 
land’s sehool to agree with the main postulate of Warburg that his enzyme hemin which 
has the rare property of being truly autoxidizable is essential for the complete combustion 
s of metabolites in respiring cells. 

2) Development of Warburg’s Theory. 

In contrast to Wieland, Warburg did not develop his theory on the basis of model 
reactions but on that of his findings in the field of cell respiration. His main postulate has 
been from the very beginning that molecular oxygen never reacts directly with meta- 
bolites in respiring cells but only via the autoxidizable iron nucleus of the respiratory 
ferment. The inhibition of respiration by minute amounts of hydrocyanic acid (< 0.0001 
* M.) was explained by complex formation with this iron. The question as to how the 

oxygen is activated hj the iron was relegated to the background. Warburg spoke of a 
“higher oxidized form of the iron” which is formed from Pe++ by oxygen and which after 
reacting with the substrate is changed back into Pe++. Later, he no longer spoke of an 
“activation” but of a transfer of the oxygen. He is of the opinion that a substance is in 
active state if it reacts. Only indirectly from the known facts concerning the old peroxide 
theories could it be surmised that Warburg did not refer to Pe+++ when speaking of 
higher oxidation stages of iron but to some kind of peroxide in the sense of Manchot. 
After his own experiments had demonstrated that Fe+++ is not inactive if it is contained 
in a certain complex linkage but that it is reduced by organic “activated” molecules 
did Warburg identify this higher stage with ferric iron. When view^ed in this light, the 
catalysis does not begin with an activation of oxygen but with a reduction of ferric to 
s ferrous iron. It could no longer be disputed that hydrogen is transferred in this catalysis. 

The reduction of the ferric iron corresponds to a dehydrogenation of the substrate. 
Subsequently, Warburg has discovered the participation of hydrogen transferring en- 
zymes in this catalysis (p. 43). 

Since we are dealing with a cyclic reduction and reoxidation of iron, we cannot 
designate either of them as the "beginning” of the catalysis. Since Warburg 1361) 
found that in respiring cells the rate of oxygen uptake is practically independent of the 
outside oxygen pressure (down to 10*^ atm. Og) he assumes that the iron is preponderantly 
present in the higher oxidation form, as which has been formed by the reaction 

of the (produced by reduction) with Og via the short-lived oxygenation product 

• * Og (corresponding to oxyhemoglobin). The factor determining the rate in this case 
is the reduction of the ferric iron by the metabolites. The intermediary existence of a 
true ferrous peroxide is no longer held probable (Esm 974, p. 341). According to the 
equation 

2 > + 2 HgO -f Og = 2 > Fe^^kOH + H— 0— 0— H 

the oxidation of the ferrous stage should yield hydrogen peroxide. Warburg has not 
particularly stressed this point but he has not denied it. His collaborator Eeid 972) has 
actually identified HgOg formed during the copper catalysis of leucomethylene blue 
oxidation. Thereby another controversial point has been removed from discussion. 
Only as long as Warburg assumed that the ‘"higher oxidation stage” of iron yields 
“active” oxygen, did he have to deny the formation of HgOg. It has been indicated above 
that very probably HgOg does appear during the catalysis and that the failure to detect 
it in most cases is due to its rapid removal by iron catalysis. 
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Tlie Hemln Ferment of WarBiir^. 

All these modifications of the original theory have been developed by Warbijro 
himself in the course of his work on the ‘'oxygen transferring enzyme of respiration** 
or “hemin ferment”. The fundamental observation which led to the trail of this enzyme 
was the discovery that the carbon monoxide inhibition of respiration is light-sensitive 
12S1). This suggested the close relationship of the enzyme to the blood hemins the CO 
complexes of which for some time were known to dissociate reversibly in strong light 
(Haldake and Smith). The ingenious method employed by Warburo in the indirect 
determination of the absorption spectrum of the hemin ferment (“photochemical effi- 
ciency spectrum”) rests on this observation. He was able to show that by far the largest 
fraction of cell respiration is carried out via this complex iron system. The great impor- 
tance of this work is not impaired by Warburg’s more recent discovery of an iron-free 
respiration which may occur under special conditions, especially when the iron system is 
lacking. We refer to the yellow enzyme which catalyzes a true acceptor respiration by 
an organic autoxidizable system without the participation of heavy metal. The des- 
criptive chemistry of the hemin enzyme will be taken up later. Here it may suffice to 
say that it is a pyrrol-iron compound somewhat similar to blood hemin but containing 
more oxygen; it is a pheohemin which is also related to chlorophyll. Like all hemins it 
contains ferric iron which upon reduction is transformed into the heme stage, with F 0 ’>‘+. 
This is the physical explanation for its catalytic action (Warburg 1333)). 

This particular hemin is contained in a special linkage. It is not simply combined 
with a colloid bearer protein but it is linked to the structure of the cell. The respiration 
of the ceil is a function of its structure and is abolished upon cell death. This situation 
prohibits a chemical isolation of the enzyme by ordinary methods. It is to this linkage 
that the enzyme owes its enormous activity which is estimated to correspond to a turn- 
over of 10® molecules of substrate per second by one enzyme molecule. Oxidase function 
is found even in the common blood hemin. But whereas the latter, in the absence of a 
specific bearer, like other complex Fe salts exhibits some peroxidatic and catalatio 
activity besides oxidase function the oxidase property is found highly specialized and 
tremendously increased in the respiratory ferment. This “activation” enables the 
minute traces of ferment hemin in the cell (10'~'^ M) to take care of the respiratory 
requirements. 

The reaction of the enzyme with the well-known respiratory inhibitors permitted 
Warburg and his colleagues (1234, 1277, 1280)) to demonstrate the valency change of 
the iron of the ferment with the spectroscope (in acetic acid bacteria). The non-inhibited 
enzyme will show a characteristic shift of the absorption bands when oxygen admission 
is restricted (reduction of the enzyme by metabolites) and when oxygen is readmitted 
(reoxidation). The long-wave absorption band of the ferric form is in the red region 
(689 m/t) and that of the reduced form is in the yellow region (589 mjLi) (For criticisms 
of these findings see p. 149). 

The type of inhibition points to the existence of two valency stages: HCN inhibits 
the reduction, not the oxidation of the enzyme, while CO inhibits only the oxidation. 
Both valency stages may be stabilized by these inhibitors. 

The unstable intermediate oxygenation stage may also be spectroscopically obser- 
ved. Upon saturation of a suspension of bakers yeast with oxygen a band is seen in the 
yellow region; it disappears upon removal of the oxygen by the respiration. If the O 2 
uptake is inhibited by cyanide poisoning the band in the yellow remains visible. 

The same spectroscopic observations yielded the very important result that the 
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ferment heinins of all cell hemins, is the only autoxidizable system. Kbilin's 540) 
cytochrome is not autoxidizable in the physiological ph-range. 

Cytochrome, like the respiratory ferment, is a hemin system. It represents a mixture 
of three components (a, b, and c) one of which, cytochrome c, contains a hemin group 
closely related to protohemin in combination with a bearer protein more basic than glo- 
bin (Zeilb, 1373a)). Keilin himself has observed that cytochrome c alone is not ant- 
oxidkable; its oxidation is accomplished by a special ''oxidase” which was originally 
identified by Keilin as the well-known, more or less structure linked, indophenol 
oxidase. Today, both Waeburo and Keilin agree that the oxidase is identical with the 
respiratory ferment. If the entire hemin system of the cell is poisoned in reduced state 
by HCN, upon admittance of oxygen the absorption band of the ferrous form of the 
respiratory ferment in the yellow is shifted to red while the absorption band of the 
reduced cytochrome in the green remains unchanged. The oxidation of cytochrome is 
inhibited by HCN because the ferric form of the respiratory ferment is blocked by 
HCN and is therefore unable to oxidize cytochrome (Warburo). For an analogous 
reason the oxidation of the cytochrome is also inhibited by CO; here, the ferrous form 
of the respiratory enzyme is blocked by the poison. Cytochrome proper does not react with 
carbon monoxide within the physiological ph-range; it will do so only in strong alkaline 
solution, around ph 12 (Keilin 540)). 

The New Schema of Cell Respiration, 

The interpretation of the relationship between the cytochromes and the ferment 
hemin by Warburg and by Keilin is another step towards a reconciliation with Wie- 
land’s theory. Inasmuch as the respiratory ferment alone is autoxidizable, the cyto- 
chromes can represent only carrier systems. They carry the labile hydrogen of the 
substrate to the respiratory ferment. They deserve equally well the name "hydrogen 
transporting systems” (Thunberg); we propose here the term Meso-catalysts”. 
The fact that cytochrome contains iron does not matter. 

That iron may participate in anaerobic processes had previously been found in 
Warburg’s laboratory (see Toda, 1177)). Warburg has studied the question of heavy 
metal catalysis in fermentation (p. 71). The over-all fermentation is sensitive to HON 
and HgS but not to CO. The assumption is made that the metal in these instances trans- 
fers "bound”, not free, oxygen (1323)). It is still an open question as to what extent 
dehydrogenating heavy metal systems participate in vital anaerobic processes (p. 71). 
In any case, it is worthy of consideration that a cyanide-resistant hemin system, 
cytochrome, is not directly but only indirectly concerned with catalytic oxidation. 

The new schema of Warburg, proposed in agreement with Keilin, as put forth for 
the case of acetic acid bacteria (1280)) is as follows: 

02 ~*>Fe++ — Fe >-Fe*^+ ■ — Fe"^“^+->Fe‘^+ * — 

Intermediate Enzymes— > Alcohol. 

The redox potential in this chain is increasingly positive from right to left. The hy- 
drogen will, consequently, go from right to left in accordance with the potential slope. 
When it has reduced the first cytochrome component (2) it is taken over by the respi- 
ratory ferment (1) and finally offered to the oxygen. Warburg’s collaborator Haas (430a) 
has shown that in the actively respiring yeast cell the entire respiration goes through 
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this chain. The scheme might, therefore, be written just as well in the following 
form: 

Donator Dehydrogenases as acceptors Cytochrome ■ I Cytochrome II 
— >• Cytochrome III -> Hemin Ferment of Eespiration —>• Oxygen. The order in which 
the three cytochrome components are linked in the chain is still not definitely settled. 
Eecent experiments by Ball 68b) and others indicate that the order is: O^^Eespiratory 
Ferment Cytochrome a Cytochrome c Cytochrome b 

According to its donator specificity, and in accordance with Wieland’s terminology, 
the hemin ferment of Warburg might be called an oxytropic dehydrogenase of cyto- 
chrome III. Since there is no longer any differentiation between dehydrogenases and 
oxidases, the hemin ferment might also be termed cytochrome oxidase (Thunberg). 

Tlie Yellow Enzyme and the Hydrogen Transferring Enzymes. 

The yellow enzyme which has recently been discovered by Warburg is a metal- 
free respiratory system capable of reacting with molecular oxygen. It shares the property 
of being reversibly oxidizable and reducible with a good number of other biological 
systems; like the respiratory ferment it is autoxidizable. It may therefore act as the first 
catalyst in a respiratory chain just like other quinoid dyes, e.g. methylene blue or 
pyocyanine (p. 108). 

The way to this discovery has been paved by a number of isolated observations on 
cyanide resistant respiration systems. We quote as examples the respiration of the alga 
Chlorella in media lacking sugar (Warburg), the small respiration of facultative anaerobic 
bacteria (Meyerhof and Finkle) and other, less certain observations on cyanide 
resistant residual respiration (p. 260). Warburg 1230) had found such a respiration in 
Lebbbbw juice from bottom yeast. There are also his observations on red blood corpuscles 
treated with phenyl hydroxyl amine (1264)). Such cells are capable of burning additional 
glucose with the aid of the redox system hemoglobin-methemoglobin (p. 82). The most 
interesting feature of this phenomenon is the fact that glucose is oxidized bymethemo- 
globin only in living cells but not by the isolated pigment. We have to conclude that 
previous to being attacked by methemoglobin the substrate must be activated by an 
agent produced by the cell. If the treated blood corpuscles are laked (1237)) glucose is 
no longer utilized. However, the catalysis may proceed with hexose monophosphate as 
the substrate. 

Still more information was obtained by experiments with untreated red cells. If 
normal erythrocytes are hemolyzed and if the stromata are centrifuged off, the clear 
supernatant fluid will not attack glucose. Hexose monophosphate is likewise not oxidi- 
zed by this system in presence of oxygen. However, if methemoglobin or methylene blue 
are present this substrate is burned. By adsorption on aluminium hydroxide gel a catalyst 
is removed from the system thereby rendering it inactive towards hexose monophosphate 
even in presence of methemoglobin or methylene blue. Warburg has found that this 
''activator” consists of an enzyme ("Zwischenferment”) and a coferment. Both may be 
obtained separately from red blood cells. By using a sufficiently high concentration of 
these two substances hexose monophosphate may be oxidized by molecular oxygen 
without adding any other acceptors (methemoglobin, methylene blue). The catalysis 
by this water soluble, hemin-free system is resistant both to HON and CO. In contrast 
to the enzyme the coenzyme is comparatively heat stable. Soon afterwards Warburg 
discovered, in addition to these two catalysts, a thermolabile substance occurring in 
blood cells and, in fact, in any cell yet examined which supplements the "zwischen- 
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ferment^’-ooferaieiit system to yield a complete, iron-free, respiratory chain capable 
of reacting with molecular oxygen. The isolation of this nev/ substance from bottom 
yeast (Lbbbbew juice) led to its chemical characterization ( 1239 , 1240 , 1242, 12435 1244 )). 
It has become known under the name '‘yellow oxidation enzyme”; it is the combination 
of the phosphoric acid ester of lactoflavin (vitamin Bg) with a protein bearer (p. 190 ). 
It represents a reversible redox system the oxidized form of which cannot react directly 
with hexose monophosphate but only with the intermediary participation of the auxiliary 
ferment system "Zwischenferment-coferment”. The latter has since been shown to be a 
pyridine nucleotide (Warbukg). There exists a specific interaction betw^een the reduced 
form of this pyridine ferment and the oxidized form of the yellow enzyme which maybe 
classified as oxytropic dehydrogenase (1158)). The reoxidation of the reduced yellow 
enzyme by oxygen yields HgOg. It does not react with HCN or CO. The reduced enzyme 
may react not only with Og but also with isolated cytochrome c (1159)) and with methy- 
lene blue. 

Warburo 1237) has emphasized the fact that in actively respiring cells the yellow 
enzyme cannot compete successfully with the hemin ferment; the latter reacts at a much 
greater rate with O 2 . The main function of the yellow emjme in such cells is very pro- 
bably concerned with hydrogen transfer in the preparatory, anaerobic phases (p. 87). 
Theorell 1158) has demonstrated that the yellow enzyme, at the partial O 2 pressure 
existing in tissues, can be directly oxidized to only a very small extent; probably only 
a minute fraction of cell respiration takes place via the flavin enzyme (p. 265). 

On the other hand, where the ferment hemin is lacking the yellow enzyme may 
replace it, e.g. in certain bacteria. This is only possible for short periods since HgOg is for- 
med and these bacteria are devoid of catalase. Thisis the reason why Warburg bascalled 
the oxygen uptake by these facultative anaerobic organisms an "unphysiological res- 
piration”. He has demonstrated the presence of the yellow enzyme in these bacteria 
by spectroscopy (1244, 1246)) and he has proved that in Bertho’s experiments with 
facultative anaerobic lactic acid bacteria the enzyme is responsible for the entire respi- 
ration. The failure of Bertho to detect HgOg as a product of yellow enzyme catalysis 
and to find the theoretical amount of HgOg in presence of HCN is explained by Warburg 
as due to the presence of catalase (p. 265), Warburg (1277)) also takes the view that the 
small and cyanide resistant respiration of Chlorella in sugar-free medium is caused by 
this enzyme. The same appears to hold for the residual respiration observed in mammalian 
tissues after HCN poisoning and in hemin free Lebedbw juice (p. 265). The respiration 
caused by the yellow enzyme is a striking instance of a biological acceptor respiration. 

The ^^Pyridine” Ferments. 

Of late, Warburg 1234) has emphasized that the combination hemin ferment- 
oxygen, does not suffice to react with the substrate but that the substrate must pre- 
viously be "activated”. This activation is achieved by enzyme systems which are iden- 
tical with Wibland’s dehydrogenases. The "zwischenferment”-coferment system of 
Warburg and Christian 1239), for instance, is an anoxy tropic hexose monophosphoric 
acid dehydrogenase. It may be supplemented either by the yellow enzyme or by the 
hemin ferment. The components of this dehydrogenase system have recently been isola- 
ted by these workers (1266)) from yeast and from blood cells. The "zwischenferment” 
is nothing but the protein bearer while the ‘"coferment” is the prosthetic group of the 
enzyme. The individual components are inactive (Negelein and Haas 882)). Haeben- 
Euler’s Cozymase, according to independent work by Warburg and by Euler, 
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is cliemically closely related to the coferment of the hexose phosphate dehydrogenase. It 
appears that combinations of varying specificity may be formed by the combination of 
the same coenzyme with different protein bearers and also by that of different coen- 
zymes with the same protein (p. 212). 

■ We see that Waeburo and Wibland, on the basis of their own recent experimental 
contributions, have reached almost complete agreement on the more important features 
of biological oxidation. Their views and individual theories have merged to yield a 
unitary theory which is capable of explaining satisfactorily the known facts and which 
appears equally suited for extension to encompass the discoveries of the future. 


III. Theory of Chain Reactions. 

In outlining their theory of oxidation processes, Haber and Wiblstatter 437) 
have endeavoured to consider not only qualitative but also quantitative problems as 
relating to energetics and kinetics. The two outstanding features of their theory are the 
assumption of transfer of unpaired hydrogen atoms (as contrasted to the usual dehy- 
drogenation equations considering only transfer of pairs of H atoms) and the assumption 
of reaction chains propagated by the free radicals produced by monovalent dehydro- 
genation. Inasmuch as these chains, once started, will go to completion without further 
participation of the catalyst this theory would help to explain the misproportion between 
reaction rate and mass of the catalyst. Kuhn 648) has estimated that in the case of the 
hemin containing enzymes (respiratory ferment, catalase, peroxidase) one enzyme mole- 
cule will promote the reaction of 10® molecules of substrate (HgOg and Og respectively) 
per second. 

The point of origin of the theory is the inorganic model reaction involving the *'autox- 
idation” of sulfite by copper catalysis which had been studied by Franck and Haber 
351a). The chain is started by the reaction: 

SOg” +C u++ + H20 = S 03 H + Cu+ + 0H”' (1). 

The free radical SOgH (monothionic acid) sets up a reaction chain: 

SOgH + Og -f HgO -f SOg" = 2 804*= + OH + 2 H+ (2). 

OH + SOg^^ +H+ = 0H- + S^^^ (3). 

' ' ' . ■ . ■ ^ 

The second free radical, produced without the catalyst, is the uncharged OH which 

reacts with fresh sulfite ion to form the first radical, SO 3 H (equation (3)). The net 
result of the process is the oxidation of sulfite to sulfate by oxygen. The chain breaking 

step consists in occasional collisions between two SO3H radicals leading to formation 
of dithionic acid, HgSgOg. The cuprous copper formed in reaction ( 1 ) is reoxidized by Oj 
to cupric ion (regeneration of the catalyst). 

The application of the general scheme of this inorganic model to organic reactions 
and organic catalysts (enzymes) encormters no theoretical difficulties. There is, for 
instance, the dehydrogenation effected by hemin complexes containing ferric iron. The 
reaction with aldehyde would be as follows: 

CHa-CHO + Fe+++ = CHa-CO + Pe++ + H+ 


(4). 
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The symbols Fe+++ and Fe++ stand for the enzyme and the moiiodesoxy enzyme 
respectively. 

It will be seen that, at variance with the original scheme of Wibland, the mono- 
valent dehydrogenation yielding the free radical does not require a previous hydratation 
of the donator, in this case CHg *011(011)2. The combines with the anion lost by the 
Pe in the reduction. The main links of the ensuing chain reaction with the participation 
of O2 would be: 

CHg-CO + CHa-CHO + Og + H^O = 2 CHg^COOH + OH + HgO (5) 

OH + OH3 -OHO = CHg *00 + HgO (6). 

There may exist intermediary peroxides in this reaction (Backstrom 56), Booken- 
MiiLLEE 129)). . 

In anaerobic acceptor dehydrogenations, the place of O2 is taken by the organic 

acceptor; consequently, instead of OH a corresponding organic radical is produced in 
the chain reaction. 

The dismutation of aldehyde to alcohol and acid (CANNizzARO-reaction) is formulated 
in the following manner: 

CHa-CO + HOH + CHs-CHO = OHg-COOH + CHg-CHOH (7) 

CH3*CH0H + CH3*CH0 = CH3*CH20H + CH2*C0 (8). 

The dehydrogenation of the donator by a quinoid dye as acceptor is given as: 

CHg-GO + HOH + quinone == CHg-COOH + meri-quinone *) (9) 

Meri-quinone + CHa’OHO = CBI^*00 + bydroquinone (10). 

The chain length is of the order of 10® links. A different formulation of the intermediary 
radicals has been proposed by Kenner 561). 

Analogous reactions are assumed to occur in non-enzymatic heavy metal catalysis, 
e.g. in the so-called autoxidation of benzaldehyde (p. 123) or in its dismutation. In both 

reactions the same radical, CgHgCO, is supposed to be formed; it reacts subsequently 
according to equations (5) and (7) respectively. Whether, in fact, these non-enzymatic 
reactions represent heavy metal catalyses (Kuhn 652), Haber 434)) is, according to 
recent experiments by Wibland 1323, 1324), not quite decided (p. 123), The catalatic 
activity of Pe++ has also been explained by Haber and Weiss 157) in terms of a chain 

reaction with the radicals OH and 0*0H. A similar interpretation of various other 
model reactions has been discussed by Franke (288), pp. 201, 262). 

Quantitatively, these reaction chains are supposed to cause the main bulk of the 
substrate turnover while the initial step involving the enzyme itself is only important 
as the chain starting process. In order to be able to start another reaction chain the cata- 


’*') While Haber and Willstattbb assume that a meri-quinone (hybrid molecular compound 
between quinoid and benzoid form) is produced in this monovalent hydrogenation of the acceptor, 
this may be thought to be replaced by a semiquinohe (free radical) in accordance with the theory of L. 
Michaelis (p. 100). Such a change would necessitate no modification of the scheme for the chain 
reaction. 
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Ijst must be regenerated in the oxidized form. In the presence of oxygen this is achieved 
by autoxidation (transfer of H+ + s to O2, formation of H2O2). In the case of organic 
acceptors the desoxy-enzyme is directly dehydrogenated to the fully active enzyme. 
According to Weiss 1289 ) the concept of reaction chains is also able to explain the em- 
pirically established relationship between redox potential and rate of reaction. The 
reoxidation of the reduced form of the catalyst by O2 may also involve an induced 
oxidation of a substrate equivalent (X): 

+ HOH + X + O2 = Fe+++ + OH- + OH + XO. 

Peroxidase and Catalase action are formulated by Haber and Willstatter in a 
similar manner. In the former case the enzyme will react first with a polyphenol molecule: 

f^OH 

I +F6+++ = +Fe++ + H+ (11). 

WOH 

OH OH 


The subsequent reaction chain is depicted in equations (12) and 13): 


/\o 


/\=o 

7 ^ 

\/OH 

OH 

+ HaOa 

■ x ^=0 

OH 

-f“ OH -j~ H2O 

j^OH 


/^o 


\/OH 

OH 

+ OH 

“ \/OH 
OH 

+ H2O 


( 12 ) 


( 18 ). 


For the catalatic reaction the following scheme is proposed: 

H202 + I'e+++ = 6-0H + Fe++ + H+ (14) 

O-OH + B^Oa = Oa + OH + HgO (15) 

OH + HaOa =HaO + 0-OH (16). 

The experimental evidence for the unusual stability of the ferric form of catalase 
and against an intermediary reduction of this form in the course of the enzyme reaction 
has led to the proposal of a somewhat different scheme (Steen 1073)) : 


HaOa + 1'©'’ 


•H202]->Be+++ 4- 2 OH 


OH + HjOa = HaO 4- O-OH 
6-OH 4- HaOa = Oa 4- OH 4- HaO 


According to this hypothesis, the primary step would consist in the intermediary for- 
mation of an enzyme-substrate compound containing ferric iron and of its breakdown 
into the free enzyme and two uncharged hydroxyl radicals. An intermediate of this 
type has recently been observed spectroscopically in the catalase-monoethyl hydrogen 
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peroxide catalysis (Steen 1085)), The subsequent alternating chain links would be the 
same as those postulated by Haber and Willstatter, but in reverse order. 

There exist some obvious objections against the chain theory which have, in part, 
already been discussed by Haber and Willstattee. The energetics and kinetics of 
the catalytic primary reaction especially are still rather obscure. After a consideration 
of the rather uncertain energy values concerned, Franee (288), p. 261) concludes 
that, at standard concentration, the process should actually run in the reverse direction. 
Only under special conditions of concentration ratios of the reactants the reaction should 
proceed as postulated. The kinetics of the reactions, too, may be reconciled with the 
theory only with difficulty. Aside from such important objections against the primary 
reaction, the concept of the reaction chains propagated by free radicals has likewise been 
criticized. 

Eichtee981) favors the substitution of '‘energy chains’" of the type first described 
by Christiansen for the radical chains. An energy chain is propagated by energy 
transfer from activated product molecules to fresh substrate molecules. The objection 
made by Willstattee, namely, that the energy should be dissipated and lost by collisi- 
ons with the solvent molecules has been met by Eichtee by the reasonable assumption 
that the energy transfer is rather specific. 

It has been pointed out by Haldane 442), Bertho 105), and Franee 288), 
p. 200) that the idea of radical chains, at least in the form proposed by Haber and Will- 
statter, conflicts with the observed specificity of the enzyme reactions. If the enzyme 
drops out of the reaction after the first step and if the substrate turnover is mainly 

brought about by means of the free radicals which are supposed to be identical in various 

■ ■ ■ 

types of processes (OH figures in the schemes suggested for oxidase, peroxidase, and 
catalase reactions), one is unable to account for the specificity of the enzymes concerned. 
Furthermore, Haldane fails to see how the chain reaction concept may explain the 
known relationships between enzyme concentration and substrate turnover. If each 
primary reaction between an enzyme molecule and a substrate molecule initiates a long 
reaction chain yielding many product molecules, an increase of the catalyst concen- 
tration should produce an exponential increase in product molecules rather than a pro- 
portional increase (linear relation) as is actually found to be the case within certain 
hmits of enzyme concentration. 

Schwab and his collaborators 1040) have attempted to obtain experimental evidence 
for or against the chain character of the catalatic reaction by studying its inhibition by 
small concentration of certain reagents which are supposed to act as chain breakers due 

to their reaction with intermediary radicals, especially with OH, and by comparing 
the extent of inhibition thus produced with that obtained in processes which are gene- 
rally considered to be chain reactions (e.g. styrol polymerization and benzaldehyde 
aut oxidation). The result of this investigation was inconclusive and the authors leave 
the question open as to whether the radicals propagating the hypothetical chain may 
not differ in the reactions studied. 

If the radicals formed in the various processes were chemically different the chain 
theory would not conflict with the facts known concerning the specificity of enzyme 
reactions. However, the established relationships between enzyme concentration and 
substrate turnover would still be an objection to the chain mechanism. It should be poin- 
ted out, though, that these relationships are still rather obscure in the case of many 
enzymatic processes. 
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A further important objection, raised by HAiiDANB, is that all known chain reactions 
occur in hoinogeneous systems while the size of the enzyme molecules renders the enzyme 
reactions microheterogeneous. This question is related to the problem as to whether the 
reaction chains, if there are any, assume a considerable individual length or whether they 
are stopped in an early stage. This is especially pertinent in those instances where two 
GH radicals might combine to form HgOg. This type of chain breakage is observed to a 
large extent in the simple catalytic oxidation of hydrogen by oxygen at surfaces and 
must therefore also be considered in biological surface reactions with the participation 
of enzymes. BerthoIOS), (p. 745) stresses the fact that in enzyme reactions all of the 
oxygen which is used up is frequently converted into hydrogen peroxide. This would 
mean that the reaction would proceed completely according to equation (5) (p. 45) and 
that equation (6) would be eliminated due to the disappearance of the OH radical by 
dimerization so that the chain would be stopped. 

On the other hand, a chain might conceivably be stopped by the combination of 
two organic radicals; this offers interesting possibilities concerning biochemical syntheses. 
It is known, for instance, that in the course of fermentation and also at other occasions 
there are formed acetoins from aldehydes in statu nascendi. This has been explained by 
Nbubero as being due to a special enzyme, carboligase. Dirschbrl has thrown 
doubt on this explanation. The synthesis could be explained without difficulty by the 
Haber-Willstatter theory on the ground of combination of the two radicals postulated 
by equations (7) and (8) leading to breaking of the chain and acetoin formation: 

CHg-CO + CHg-CHOH = CHg-CO-CHOH-CHg. 

The problem of the reality of the chain reaction mechanism has recently again been 
attacked by GbrendAs 397) in the course of investigations by Szbnt-Gyorgyi and his 
collaborators 65) on the mechanism of dehydrogenative autoxidation. The special case 
chosen for scrutiny was that of the oxidation of sulfite by heavy metal which has served 
as the starting point of Haber and Willstattbr’s comprehensive theory (see p. 44), 
The two alternatives between which Gebendas tried to obtain a decision are: 1) the 
metal catalyzes the oxidation of every molecule of the substrate and 2) the metal starts a 
reaction chain which continues without further participation of the metal and causes 
the oxidation of many substrate molecules until it is terminated by a chain-breaking 
step. If the entire oxidation is mediated by the metal, the rate of alternating oxidation 
and reduction of the iron or copper ('‘Wechselzahr’) must be comparable to that of the 
autoxidation of the sulfite. The rate of oxidation of the iron is rapid compared with that 
of the reduction. The latter may be determined with the aid of a, a'-dipyridyl. The ex- 
periment shows that the velocity of the autoxidation of the sulfite and that of the re- 
duction of the iron are of the same order of magnitude. Inasmuch as the total autoxidation 
may be accounted for by the oxidation-reduction cycle (**Wechselzahr*) of the metal, 
GerendIs and Szent-Gyobgyi consider the chain hypothesis to be ruled out. Although 
this may be correct for the cases here reinvestigated, other processes, such as the catala- 
tic reaction, may still be chain reactions. 

Antioxidants and Inhibitors. 

The inhibiting action of certain organic substances, especially phenols, on oxidative 
processes is probably due to their property to break off reaction chains. Moubbu and 
Dueraisse 836 — 840) who did the pioneer work in this field, have extended their ex- 
periments to various other classes of chemical compounds, notably nitrogen containing 
substances (837)), 



ANTIOXIDANTS AND INHIBITOES 


49 


The antioxidative efficiency, according to Matill 759), depends on the number and 
the position of the phenolic hydroxyls: o- and p-compounds are inhibitors while m-isomers 
are inactive; a-naphthol but not jS-naphthol inhibits. The mechanism of the inhibition 
of oxidation by such compounds as proposed by Moureu and Dufraisse is essentially 
based on the old scheme of Engler and depicts these processes as induced reactions. 
This may hold for the case of the various inorganic systems where it has been tested 
experimentally, but it appears rather unlikely for biological processes. While Moubbu 
and Dufraisse incorporate HCN in their list of antioxidants (837)), there can hardly 
be any doubt that its specific action is due to a different type of mechanism (p. 73). 
It is quite possible that the same inhibitor specifically blocks certain oxidation processes 
in vivo while it does not affect others; it might thus act as a regulator. Epinephrine, for 
instance, will promote the decomposition of amino acids in its quinoid form (p. 105) 
while it strongly inhibits the autoxidation of unsaturated fatty acids (Pranke 354)). 
Some sulfhydryl compounds (glutathione, cysteine, thioglycolic acid) which ordinarily 
promote dehydrogenation reactions as intermediary catalysts, will inhibit other oxidations, 
e.g. the reoxidation of leuco methylene blue with copper as catalyst, by virtue of com- 
plex formation between the Cu ions and the SH-groups (Schoberii 1030)). De Caro 
163) interprets the inhibition of the oxidation of fatty acids by thyroxin as a com- 
plex formation of this type. On the other hand, iodine compounds have been found to 
be typical chain breakers (Pranke (Lc. 388), p. 200)). 

It may be, then, that the inhibitors stop reaction chains by using up free radicals 
and thereby becoming oxidized themselves. This aspect is discussed by Euler (Lc. 388), p. 
260). According to Eichter, energy chains might transfer the excess energy to the in- 
hibitor molecules and thus be terminated. In accordance with this view only such sub- 
stances may function as inhibitors which are unable to transfer the absorbed activation 
energy to other substrate molecules (Bodendorp 130)). For the theory of the anti- 
oxidants the papers by Perrin 920), by Dupont 236), and by Milas 833) should be 
consulted. 
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C. The Phenomena of Oxidative Catalysis. 


I. Energetics and Potentials. 

On the Energetics of Hydrogenation and Dehydrogenation: Let m begin with some 
fundamental questions relating to thermodynamics. Until a few years ago affinity re- 
lationships in hydrogenation processes had to be discussed on the basis of heats of reaction, 
Q, as calculated from thermochemical data, because there were no determinations 
of free energy changes, A F, available at that time. Since then substantial advances 
have been made. With the aid of entropy determinations instituted largely by G. N. 
Lewis and his school, the free energy change, A F, may be calculated from the heat 
of reaction, A H, and the entropy change, A S, by means of the equation: 

AF= AH — T AS. 


With respect to the theory in detail the book by Lewis and Randall 713) may be 
consulted. A short introduction has also been provided by Ofpbnheimbr 905). A 
certain number of entropy values now available for organic substances have been com- 
piled by Franks 356). Recently Borsook and his colleagues have determined the ther- 
mal values for some amino acids, purine and thiol compounds; these results, excepting 
the last paper by Stiehler and Hoffmann 1103), have also been tabulated by Pranke 
356). Reference is also made to the review by Borsook 136). 

The electromotive force set up by a reversible redox system may also serve as a 
basis for calculating A F since the free energy change during a reversible process corres- 
ponds to the maximum useful work. Here, the potential imparted to an inert noble metal 
electrode by a reversible redox system is measured electrometrically, in volts. The normal 
potential, E^, of a redox system at ph 0 is defined as the potential difference between 
a 1 : 1 mixture of the oxidized and the reduced form of the redox system and the normal 
hydrogen electrode. The free energy change may be obtained by means of the equation: 

A P = n*P-Eo volts, or n* 23,06* Eq Calories, 
where n is the valency difference between the oxidized and the reduced form (''electron 
number’'), and P is the electrochemical equivalent (Paeaday). Eq"**) is obtained from 
the electrode equation: 


E, = E- 


BT , [Ox] 
hF [Bed]’ 


where E is the potential difference measured in a system of arbitrarily chosen concen- 
tration ratio of the oxidized form [Ox] to the reduced form [Red], at a given ph, and 
referred to a hydrogen electrode of the same ph and absolute temperature, T (°E); II the 
gas constant in electrical units. With respect to the theory and experimental methods, 
the monographs by Michaelis804), Wurmser 1364), and the review by Thxjnberg 
1168) may be consulted. 


*) By convention and E represent potential differences and require no prefix. 
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Like the hydrogen electrode most biological redox systems show a dependence on 
the hydrogen ion concentration. The cause of this phenomenon is the property of these 
systems to dissociate hydrogen ions at certain levels of ph (dissociation constants). 

The normal hydrogen electrode which is the reference point of most measurements 
(and of all measurements reported here) *^) is a platinum electrode plated with platinum 
blackj immersed in a solution which is 1 N • with respect to hydrogen ions, and in equili- 
brium with hydrogen gas of atmospheric pressure. To this electrode the potential zero 
has been ascribed by convention *^). Upon increasing the ph (decreasing the hydrogen 
ion concentration) the potential of the hydrogen electrode decreases in linear fashion. It 
is also dependent on temperature; at ph = 1, Ej, is — 0.0601 v. at 30®, — 0.0579 v. at 25®, 
and — 0.0581 v. at 20®. With an increase in ph of 1 unit the potential decreases approxi- 
mately 0.06 V.; at ph = 7.0 (the neutrality point, so important in biological conside- 
rations) the potential of the hydrogen electrode is E^ = — 0.421 v. 

With a view to avoiding the change of sign required upon passing the zero point 
of the redox potential scale Szent-Gtoegyi 1120) suggested that the oxygen electrode 
should be chosen as the reference point (E^ (Og) = 0 v. at ph = 7.0, instead of E^ == -f 
810 V.) and that all other potentials should be calculated with a positive sign with 
respect to this electrode. The usual connotation, however, has so deeply penetrated 
into the literature that such a revision, if adopted, would create considerable con- 
fusion. 

Many of the systems of interest for our discussion exhibit the same ph-dependence 
as the hydrogen electrode so that E^ may be calculated from the measured Ej, values 
by extrapolating back to ph = 0 (adding 0.06 v. for each ph unit). It is to be remem- 
bered, however, that the slope of the E^Vpii changes at those ph values where a disso- 
ciation constant (or the logarithm of the dissociation constant (pK)) is situated. Correct 
calculation of the E^ of a system requires, therefore, either a) a knowledge of the 
various dissociation constants of the oxidized and reduced forms of the system, which 
may be obtained independently by potentiometric acid-base titration, employing a hy- 
drogen or a glass electrode;^ or b) a charting of the E^’-data for an extensive ph range 
(say from ph 1 to 12) to reveal the location of the dissociation constants as inflection 
points on the E^Ypli-curve (see Clakk 169a) and Michaslis 804)). 

For practical purposes and as an analogy to the term ph, W. M. Clakk 169a) at 
one time created the tefm rH as a measure of the oxidation-reduction potential. rH = — 
logio P, where P is the hydrogen gas pressure at the electrode in equilibrium with the 

RT RT 

solution containing the redox system. Since Eh — — ^ ^ 

be calculated from this equation after the simple transformation: 

nP 

rH = — In P = Eh 

We summarize: Potential, referred to the hydrogen electrode of identical ph, = Eh ; Eoh =«= 
potential at ph == 0, as referred to the hydrogen electrode. Since in biological systems Eoh is almost 
always given , this shall be written simply as E^ , E^, , then, represents the normal potential at ph — 0 
referred to the hydrogen electrode, at a [Ox3/[Red] ratio of unity. Frequently potentials measured 
at other hydrogen ion concentrations are also designated as “normal potentials’*, provided that the 
concentration ratio of the two forms of the redox systems is unity. Such potentials shall be designated 
here as Bo’; if not otherwise stated, this E^* is given for ph = 7. 

**) In actual practice, however, a calomel electrode is used as the half cell operating opposite 
the redox electrode to complete the electromotive circuit. The values thus obtained are recalculated 
for the hydrogen electrode as the reference point in the manner described by Miohaeus (804, p. 133)). 
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with the aid of the experimentally found values for Eh and ph (for details consult 
MiCHAEnis 804), p. 48), Thunbekg 1168), and Needham 873). 

In the following table, the potentials and the rH values of the most important 
redox indicators at 60 per cent reduction and at ph = 7 are given; the rH values have 
been taken from the papers by Needham 874) and by Cohen et al 175) whereas the 
potential values for these and other indicators may be found in the tables compiled by 
Stern 1081). 

It should be emphasized that the calculation of from Eh or E^’ is only permissible 
if the ph-dependence of the potentials of the system is known. Clark has warned against 
an indiscriminate usage of the rH term for similar reasons. However, rH is being widely 
used in biological publications. 

TABLE 1. 


Indicator 

E®’ in mv. 
at ph = 7.0 

rH 

(Oxygen Electrode) 

+ 810 

41.0 

Phenoi-m-sulfonate-indo-2,6-dibromophenoi 

+ 273 

23.1 

o-Chloropiienol-indophenoJ 

+ 233 

20.9 

2,6-Dibromophenol-indophenol 

+ 219 

20.2 

o-Cresol-indophenol 

+ 194 

19.7 

2,6-Diohlorophenoi-indo-o-cresol 

+ 181 ' 

19.3 

l-Naphthol“2’Sulfonate-indophenol 

-f- 123 

17.4 

l-Naphthoi-2-sulfonate-indo-2,6-dichiorophenol 

+ 118 

17.2 

Cresyl Blue 

4- 31 

— 

Methylene Blue 

+ 25 

14.4 

Indigo tetrasulfonate 

— 58 

11.9 

Indigo trisulfonate 

— 90 

10.3 

Indigo disulfonate 

— 129 

9.2 

Neutral Blue 

— 192 

— 

Janus Green 

— 256 

■ ■' — 

Neutral Bed 

— 340 

— 

Benzyl Viologen 

1 —359 

— 

(Hydrogen Electrode) 

— 421 

0.0 

Phenosafranine 

— 625 

; — 3.5 


Most of the direct potentiometrie measurements of the redox potentials of isolated 
organic chemical systems, especially of quinoid dyes and of hemin complexes, are due 
to Clark, Bijlmann, Michaelis, Conant, and their collaborators. Some authors, e.g. 
WuRMSBR, Needham, Chambers, and their colleagues, have attempted direct measure- 
ments of redox potentials in complex biological systems, e.g. by injecting indicators 
into living cells with the aid of miGromanipulators (see Needham and Needham 873) and 
Aiibbl 34)). The interpretation of the data thus obtained is made somewhat difficult 
because of toxic effects of some of the dyes used and also because the amount of indicator 
required for visibility of the color of the equilibrium state with the surrounding cytoplasm 
may cause a shift in the cell potential due to ''poising action”. The ideal conditions for 
measurements of intracellular potentials would be provided by the discovery of a colored 
reversible redox system occurring within the cell in a concentration sufficiently high to 
serve as an "internal” rH indicator. It is possible that some of the already known biolo- 
gical redox systems, e.g. pyocyanine or lactoflavin, may be suitable for this purpose. 
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Even so it must be kept in mind that the redox potentials in various parts of a cel may 
differ greatly. 

It has been possible to determine the potentials of certain colorless, reversible 
but electromotively inactive biological systems by allowing them to come into 
equilibrium with electromotively active systems which serve as potential indicators. 
The system succinic acid — fumaric acid is a case in point. In presence of succinic dehy- 
drogenase this system is folly reversible, i.e. the potential is, at any time, determined 
by the ratio of the concentration of the oxidized form (fumaric acid) to that of the reduced 
form (succinic acid). However, a noble metal electrode when immersed in this equili- 
brium mixture will not register any stable potentials. The cause can be assumed to be 
that the exchange of electrons between the system and the electrode is very sluggish. 
If an amount of methylene blue is added which is too small to shift the equilibrium to 
any appreciable extent, the resulting stable potential observed, though actually the 
potential of the methylene blue/leuco methylene blue system, will also represent the 
potential of the biological enzyme-substrate mixture providing sufficient time has 
been allowed for establishment of equilibrium between the two systems. The first ob- 
servation of this kind was made by Thunbbrg. Valuable information along these lines 
has been obtained by Quastbl, Lehmann, Borsook, Wurmser, Barron and other 
workers (see also Franks 356). 

Tables of Eedox Systems of Biological Interest: In the following tables the nor- 
mal potentials, and for the given ph values, the heats of reaction, A H, and the 
free energy change, A F, are given for important metabolite systems and for reversible 
biological redox systems including certain intermediary catalysts and co-enzymes. 
Many of the data have been taken from the table by Franks 366). 

In that table, Franke has critically discussed the reliability of the various values 
given. The reader is referred to his papers (356, 355)) for this discussion. The 
table below has been supplemented by more recent data. A large number of the poten- 
tial values and information pertaining to their significance will be found in the tables 
by Stern 1081). The values in rectangular brackets have been calculated for the present 
purpose. When the A F and A H values carry a negative sign, the energy rela- 
tionship may be regarded as abnormal, i.e. dehydrogenation is then exothermal and 
hydrogenation endothermal. 

Whereas in several cases (see Table 2, p. 54) the normal potential of substrate 
systems in the presence of the corresponding enzyme could be determined, we know 
almost nothing about the potential of isolated oxidation enzymes though it is now 
widely held that a catalyst which promotes oxidation-reduction processes must in itself 
represent a reversible redox system (see for instance L. Michaeljs 804)). The experimen- 
tal determination of enzyme potentials is difficult not only because very few enzymes 
have, as yet, been prepared in pure state, but also because the colloidal protein bearer 
introduces technical difficulties of the type encountered in the potentiometric study 
of the methemoglobin-hemoglobin system (179)). The only enzyme potential so far 
directly measured is that of the yellow oxidation enzyme (636)) (see Table 2). It is interes- 
ting to note that at ph 7 was found to be — 0.06 v. (and = -f 0.37 v. (at ph 0)) 
whereas of the free prosthetic flavin group is considerably more negative (E'^ = — 
0.28 V. at ph 7 (822, 636)). It appears to be a general rule that the attach- 
ment of a prosthetic group to a protein bearer raises the normal poten- 
tial; at ph 7 for free heme is near — 0.2 v. (at ph 9 it is — 0.23 v.) (see Table 2), while 
E'^ for methemoglobin-hemoglobin is + 0.15 v. 
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METAL-rBBB INTEEMBDIAKY CATALYSTS 
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HBMIN STSTBMS AND HBMOOYANIN 


It is possible, however, to deduce approximate potential levels for certain enzymes 
from indirect evidence or from general considerations* Thus, Bareon 76) believes that 
the potential of the a-ketooxidase from gonococci is in the neighbourhood of — 0.034 v: 
because it may be replaced by reversible systems (hemochromogens) of this potential 
range. Once the place of an oxidation enzyme or catalyst has been determined in the chain 
of biological oxidation it is possible to predict where its potential will be eventually 
found because otherwise the catalyst would not be capable of fulfilling its function. Let 
us consider the important case of the respiratory enzyme of Waebubo as an example. 
We know that it stands at the top of the series of catalysts participating in the main chain 
of cell respiration. It should, consequently, be less positive than molecular oxygen (or the 
oxygen electrode) and more positive than the next lower catalyst in the chain which is 
one of the cytochrome components. The potential of cytochrome c only is accurately 
known (Wurmsee and Filitti 1359)). The order in which the three cytochrome com- 
ponents are lined up is not yet sure, but it is believed, on the basis of the experiment 
by Haas 430a) in Warbueo’s laboratory), that the three cytochromes are not connected 
in parallel but in series in the chain b~>-c-->a (Ball 58)). It would seem, therefore, safe 
to predict that the potential of the respiratory ferment will be found to lie between + 0.260 
and + 0,800 v. and probably much closer to the former value than to the latter. ’^) 

Table 3 contains some of the directly measured potential values for cells, 
tissues, and cell suspensions. A recalculation of the E'^-values determined at the 
ph indicated in the table, in terms of has been omitted because of the experimental 
uncertainty still inherent in such potentials which are only slowly and sluggishly establis- 
hed in most cases, and because the nature of these potentials is still controversial. Some 
workers believe that the aerobic and the anaerobic potentials (i.e. those measured in the 
presence and in the absence of air respectively) of cells correspond to the normal potential 
of individual reversible redox systems which exert maximum poising action in this range, 
whereas others regard such potentials as the resultant of a multitude of oxidation- 
reduction processes occurring in the cell which need not necessarily involve strictly 
reversible systems. In other words, it is still an open question whether these biological 
potentials correspond to equilibrium states or to steady states of kinetic character. 

Cell potentials may be determined by colorimetric or by electrometric methods. 
In the former, an indicator of suitable potential range is added to the system and its 
final state of oxidation is considered to be identical with that of the entire system, if 
sufficient time has been allowed to attain equilibrium between indicator and biological 
material. The absolute amount of indicator must be kept as small as compatible with 
the optical requirements in order’ to avoid appreciable poising action on the part of the 
indicator. For electrometric measurements a noble metal electrode is placed in the cell 
suspension and the potentials are followed several hours until a practically steady state 
has been reached. It is important to employ several electrodes and, if possible, electrodes 
of different material (gold, platinum )to eliminate the individual properties or pecularities 
of any one electrode; only if several electrodes register closely agreeing potentials is 
the inference permissible that the actual potential of the biological system has been 
measured. Both methods may be combined by adding an indicator and performing po- 
tentiometrio measurements. The dye is functioning here as an electroactive mediator 
between the electrode surface and the cell content. The final potential value, in this 
case, is attained more rapidly than in the absence of an indicator dye. 

ailong with the E'^^ values, the table lists the corresponding rH values. In the use 


See the recent measurements by Ball (585) and Laki (694)- 
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of the latter the reservations mentioned above (p. 59) should be borne in mind. 

Further observations on cell potentials of a more qualitative character will be 
found in the publications by Pavlow and Issakova-Kbo 919), Eapkinb and Wuemseb 
963), Pabeb and Simonnet 330), Tsukano 1188), Aubel 36), Maybk and Plantefol 
761), and Elema, Kluyvee and van Dalfsbn237). The lowest and highest potential 
values compatible with the vitality of the cell nucleus have been determined by Quastee 
and Wooldridge 954) and Aotel and Atjbbbtin 38). The changes of Eh and rH in the 
course of the development of the chick embryo have been studied by Friedheim 360). 

It has been observed by Altbbl et al. 37) that there develops in buffered solutions 
of fructose and glucose, without the addition of other substances and under anaerobic 
conditions, a potential level of approximately — 180 mV. (at ph 7.5 and 20°) as registered 
by blank platinum electrodes (details in (1356) and (1354)). Wuemser and his colleagues 
assume that an equilibrium of the type Glucide — G' :«±: A + is established where A 
represents an oxidation product of the active substance G'. They beheve that this active 
compound (Glucide X) is the most important redox buffer of the living cell. It is of 
interest to note that these anaerobic sugar potentials are in the neighbourhood of the 
ascorbic acid potentials. Geobgescu 393) finds the redqx potential in anaerobic glucose- 
buffer solutions of rH = 12.6 ± 0.5 at 20° (colorimetrically and electrometrically), and 
for ascorbic acid an rH-value of 15 ± 0-5. Still closer agreement between ascorbic 
acid and the "glucide X”, later designated "redoxin”, was observed by Wuemser and 
Louebieo 1360, 1361), who, therefore, suggest that the two substances may possibly 
be identical. However, it is quite possible that the reducing substances formed under 
these conditions are reductones (see p. 210). 

Oxidation-redaction potentials in heterogeneous systems: 

In the interpretation of potentials measured in ceU suspensions and in the evaluation 
of data obtained on isolated cell constituents in homogeneous solution for an integration 
of the events in the living cell, it must be kept in mind that the behaviour of reversible 
redox systems may be greatly affected by the presence of interfaces as they exist in a 
heterogeneous system like protoplasm. As Clark 170) has pointed out, “the heterogeneity 
of the living ceU places restrictions upon the application of data from homogeneous 
systems”. 

Michaelis (quoted by Abramson and Taylor 3)) had observed that methylene 
blue when adsorbed on filter paper was not reduced when placed in a suspension of pla- 
tinized asbestos saturated with hydrogen. This shows that the hydrogen is not active 
at any distance from the surface of the metal catalyst. Abramson and Taylor 3) con- 
firmed this observation and were able to show, furt.hermore, that soluble reducing agents 
like sodium hyposuKite (Na 2 S 204 ), cysteine, or thiourea will readily reduce the adsorbed 
dye in a reversible manner. If the excess of the reducer is removed by superficial washing, 
molecular oxygen as well as qumone or ferricyanide will reoxidize the leueo dye to methy- 
lene blue. Similar observations were made with litmus paper and with phenosafranine 
adsorbed on cellulose. Abramson and Taylor point out that "a surface havmg selective 
adsorption for one form of the constituents of a reversible oxidation-reduction system 
could shift the oxidation-reduction potential of the system.” “In heterogeneous systems 
the attainment of “equilibrium” in solution does not necessarily indicate the reduction 
intensity at the surface.” 

Work in the same direction has recently been carried out by Kobe 587) who exten- 
ded Abramson and Taylor’s observations. He finds, upon adding adsorbents like 
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HEAVY METAL CATALYSIS 


cellulose, kaolin, or silica gel, to solutions containing redox indicators at various ph 
and varjing degrees of reduction, that the adsorbent will differentially adsorb the various 
forms of the dye. This is , concluded from the ensuing potential changes in the solutions 
as well as form color differences between the adsorbate and the solution. In the course 
of these experiments the interesting observation was made that the semiquinoid radical 
form of pyocyanine may accumulate at the surface of the adsorbent. It is also shown, that 
a dissolved dye may act as '‘hydrogen carrier” by being reduced at a catalytic surface, 
e.g. platinum asbestos, and then reoxidized at the surface of the adsorbent covered with 
the reduced form of a dye. Such an interaction between dissolved and adsorbed dye mole- 
cules may be considered to be a model for the “coupling link” visualized by Borsook 135) 
to exist between various enzyme centers in the living cell. Such a mechanism may be 
operative in the transfer of energy from one surface, where an oxidation-reduction 
process releases energy, to another surface where this energy is required, e.g. for the pur- 
poses of synthesis. 


II. Catalysis of Oxido-Redaction. 

1) Heavy Metal Catalysis, 
a) General Considerations. 

It is proposed to describe the phenomena of heavy metal catalysis on the basis 
of the valency change theory of Warbubo and Wirland. Certain difficulties will be 
discussed later in the section on peroxide catalysis (p. 123). There also the recent at- 
tempt by Haurowitz to explain the peroxidatic and catalatic action of ferric iron with- 
out a valency change will be described (p. 79). 

It is assumed that the catalysis in the dehydrogenation reactions to be discussed 
presently proceeds with the aid of complex salts of various heavy metals. Of paramount 
importance are iron and copper; occasionally manganese and a few other metals are 
active. The well-known model experiments with noble metals (platinum, palladium) 
which have been performed by WiELAND, using alcohol, aldehydes, and amino acids as 
substrates, will receive little further attention in view of their comparatively small 
physiological interest. 

There is some difference with regard to the phenomena and the mechanism be- 
tween a catalysis by simple salts and by macromolecular complexes. In the former ease 
a complex is formed between the substrate and the ionized metal, while in the latter case 
the substrate is adsorbed on the surface of the macromolecular catalyst by residual 
valency forces and subsequently “activated”. If the catalyst is an enzyme the substrate 
combines with a prosthetic group which is linked to a colloidal protein bearer. In some 
instances the prosthetic group alone (hematin) is already somewhat catalytically active; 
combination with the bearer protein raises the activity and renders its action highly 
specific. Whether the metal complex brings about an anaerobic catalysis or one in which 
molecular oxygen is utilized depends solely on the autoxidizibiiityof the subs tra- 
te-catalyst symplex. Of primary importance are those heavy metal catalyses concerned 
with true oxidation. They may be subdivided into oxidative and peroxidatic catalyses. 
The catalatic processes where heavy metals split hydrogen peroxide into water and oxygen 
belong to this class only in an indirect manner. 
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Oxidative Catalyses. 

The model reactions of greatest importance for heavy metal catalysis in biological 
systems are those dealing with sulfhydryl compounds (thiols). For careful studies 
on the mechanism of such catalyses we are indebted particularly to Michailis 809 , 
1035) and to Cannan 162) and their collegues. 

The so-called autoxidation of cysteine is actually, at least in the acid range, a heavy 
metal catalysis; iron, copper and manganese are active (Wabburg). The inhibition of the 
reaction with oxygen by HCN is due to complex formation with the heavy metal and not 
with the thiol (Harrison 455)). Upon adding HCN the violet color of the ferric cysteine 
complex disappears and the blue color of prussian blue (ferri-ferrocyanide) appears 
instead (Gbrwb399)). The iron catalysis is inhibited by pyrophosphate which reacts 
specifically with iron but not with copper, manganese, or SH-groups (Wab-buro). Car- 
bon monoxide inhibits both the iron and the copper catalysis, but only the orange CO- 
ferrous cysteine complex is reversibly dissociated hy light (Crbmer 191)). While in biolo- 
gical systems the cysteine oxidation is mainly catalyzed by iron that of glutathione is 
mainly effected by copper salts (Vobotlin et al. 1205)); pyrophosphate, in this case, 
does not act as an inhibiting agent but rather as an activator (Elvehjem 251, 262)). 
It is claimed that both the copper and iron catalyses of glutathione are resistant to 00, 
also the hematin catalysis of SH-compounds (Dixon 210)). 

At the same time there appears to take place a true, though very slow, autoxidation 
which is resistant even to m/100 cyanide (Gbrwe 399)) *). This demonstrates, once 
more, that HON reacts exclusively with the metal and not with the thiol group. On the 
other hand, HCN will react with S-S-Iinkages (Voegtlin et al 1205, 1005)), particularly 
in the absence of iron; the disulfide is reduced to the corresponding thiol (e.g. cystine 
to cysteine) while the HCN is oxidized to cyanate or transformed into thiocyanate. 
Contrary to earlier findings, iron-free cystine has no effect on the oxidation of cysteine 
(Gbrwb), in contrast to metal-free dithiodiglycolic acid (Harrison 463)). Instead of 
molecular oxygen, methylene blue (see p. 108) or indigo disulfonate (Dixon 217)) may 
be acceptors in this system. 

The catalytic oxidation of cysteine proceeds probably beyond the cystine stage, 
just as the iodine titration method of cysteine will yield correct values only if, by cooling 
the reaction mixture, further oxidation of the cystine formed is prevented (Lewis and 
Virtue). According to Medbs 772) cystine sulfoxide (CgHigO^NgSg) represents a product 
of intermediary cystine metabolism. In presence of copper total oxidation of cysteine to 
form OOg, NHg, and HgSO^ may occur (Eosenthal and Voegtlin 1006)). This will be 
discussed further below. In alkaline solution, according to Schobbrl and Wiesnee 
1032), oxalate and thiosulfate are formed. Besides the oxidative scission hydrolysis of 
disulfides may take place: 

R_S~S— E + HOH:^ E— SH + HO— S— E (1031)). 

This mechanism operates probably preponderantly if disulfide compounds of all types 
(cystine, SS-glutathione, proteins in the oxidized S8-stage) are brought into strongly 
alkaline solutions. The inactivation of fully active SS-insulin in alkaline solution is pro- 
bably due to this cleavage (Frbudenbbrg). For a discussion of the chemical reactivity 
of SS- and SH-eompounds the review article by Bersin 101a) should be consulted. 

The oxidation of a thiol is preceded by complex formation between the SH-group 
and the metal (Miohablis 809); Pibie 928)). However, not all of these complexes are 
antoxidizable. The course of events following complex formation depends on the con- 


♦) See, however, Ewbhjem 252). 
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stitution of the substrate (cysteine, SH-glutathione, SH-proteins) and the nature of the 
metal. The most active metal is always copper (see also Eona;999)); the others act less 
strongly or not at all (see below). For pure metals, Beesin 101) found the following 
order: As, Cu, Sb, Zn, Cd, Ag, Fe, Ni. HgOg cannot be detected as a reaction product 
because it is decomposed by the metal and also because it reacts rapidly with the residual 
substrate; cysteine, for instance, is quickly dehydrogenated to cystine by hydrogen 
peroxide alone (SchSbeel 1029, 1030)). This reaction is the basis of some methods for 
the preparation of disulfides from the corresponding thiols; it will proceed quantitatively 
with cysteine, glutathione, and probably also with proteins. 

At this place, a few words concerning the sulfur groups of proteins and their oxido- 
reductive behaviour may be said. It has been known for some time (Hbfptbe) that 
denatured proteins will give a positive test with nitroprusside while the test with the 
corresponding native protein is negative. The appearance of free SH-groups by denatu- 
ration and their disappearance by renaturation has recently been extensively studied 
by Mihbkt and Anson 833a). In the native state, most proteins exist entirely in the 
oxidized SS-form. In some of them, however, "potential” SH-groups may be detected by 
shifting the ph to the alkaline side; hemoglobin is such a protein. A native SS-protein may 
be reduced to SH-protein without appreciable denaturation if mild and specific reagents, 
e.g. cysteine or thioglycolic acid, or HCN, are employed. Upon denaturation additional 
SH-groups appear. If such a denatured protein is further reduced by the same reagents 
the number of SH-groups detectable is stated to be the same as that found upon complete 
hydrolysis of the protein. Eeoxidation of these SH-groups is possible with cystine and 
similar small-molecular disulfides; HgOj may also be used for this purpose. Of particular 
interest for the biologist are those proteins which show a specific physiological activity, 
the degree of which depends on the S8 2 SH-equilibrium in the protein molecule. 
There appears to be no definite rule governing this relationship: while certain proteino- 
lytic enzymes, e.g. cathepsin and papain, appear to be active in the SH-form only (see, 
however, Anson 31a)), insulin conversely is stated to be physiologically active only 
in the SS-form. Treatment of insulin with cysteine, reduced glutathione, HCN, decreases 
the activity markedly. It has recently been shown (Steen and White 1097)) that if 
denaturation of the protein hormone during reduction is avoided, the more or less 
soluble SH-form retains about half of its original activity. The loss of activity is con- 
comitant with the appearance of only few SH-groups (2 to 3 from a total of 20). It is 
concluded that a few SS-lmkages in insulin play the part of “activating groups” in the 
sense of Lanoenbeck’s terminology 697) and that the nature of the "active center” 
which actually participates in the catalysis is still obscure. It should be mentioned that 
Febudenbeeo and WEGMANN359a) succeeded in reactivating reduced insulin to a 
small extent by treating it with hydrogen peroxide in the presence of a large excess of 
cysteine as protective substance. The authors realize that the resulting active substance 
may not be the original hormone but a partly artificial insulin where SH-groups of 
insulin have been joined in the course of the reoxidation to SH-groups of cysteine mole- 
cules. Eeduced native insulin of 60 per cent activity may be oxidized by molecular oxygen 
in presence of certain heavy metals (Cu, Fe, Mn) (White and Steen 1298)). Although 
the oxygen uptake corresponds closely to the amount required to reoxidize the SH- 
groups, as also shown by independent SH-analyses, the resulting products, instead of 
being more active, have lost almost all of their residual activity in the course of the oxi- 
dation. It may be that under these conditions still other important reducing groups of the 
protein are oxidked. 
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The catalytic oxidation of thiols may be coupled with other reactions. .The system 
Cu + thioglycolic acid, for instance, may oxidize hypophosphorous acid or tartaric 
acid(WiELAND and Pranke 1317)). The coupling with biological systems by means of 
intermediary catalysts will be discussed on p. 95. 

Cysteine appears to be only slightly selective with respect to the metal catalyzing 
its oxidation; besides Cu, Fe and Mn (Warburo 1231)), Co, but not Ni (Michablis 809)) 
are effective. In the case of inorganic SH-compounds (alkalisulfides and HgS) Mn and 
Ni are particularly active catalysts (Krebs 597)). There is a possibility that Pb, at least 
in insects, is a catalyst (Eona 999)). The potential of hydrogen release in cysteine solu- 
tions is lowered by Co and Ni (Brdicka 145)); this is explained by dipole formation due 
to production of the complex, the dipole, in turn, contributing to the labilization of H. 
The system cystine-cysteine has been studied with the polarograph by Eoncato 1001). 
According to electrometric measurements of Michaelis and Barron 810) the potential 
of cysteine solutions is influenced also by metallic mercury, platinum and gold (only as 
deposit on platinum but not as massive metal). Here, the reaction with oxygen takes 
place preferably in alkaline solution with a ph-optimum at 12.8. Cyanide inhibits the 
platinum but not the mercury catalysis. In both metal catalyses, also with Co, methylene 
blue may replace oxygen as the acceptor (813)). Silver is inactive. Under anaerobic con- 
ditions the potential is independent of the nature of the metal forming the electrode 
(813)). Under aerobic conditions Hg will react with SH to form an electroactive complex 
(80)). Copper acts most strongly and effects eventually a total oxidation, while iron and 
manganese effect only a dehydrogenation to cystine (1006)). The Cu-catalysis is fastest in 
pyrophosphate medium (251)) but, in this case, brings about dehydrogenation only 
(1006)). Elliot 241) finds that the reaction proceeds more rapidly in phosphate-free 
solution, the rate increasing with the oxygen pressure and also proportionally to the 
amount of copper in the range of small Cu concentrations. The somewhat more stable 
cobalt complexes which are more readily isolated and useful as models have been studied 
by Michaelis 809, 810) and by Kendall 1035) and their collegues. Schubert 1036) 
was able to isolate the Fe-complexes of thioglycolic acid which had previously been stu- 
died in solution by Cannan and Eichardson 162) with respect to the kinetics of their 
oxidation and to their potentiometric behaviour. The formation of the Cu-cysteine com- 
plex possesses an optimum temperature (Elvehjbm 251)). The oxidation of thioglycolic 
acid by Pe, Mn, and Cu has recently been reinvestigated by Kharasch, Gerard et al. 
562); Cu was found to be most active, its action being promoted by phosphate while 
Fe and Mn are thereby inhibited. 

The so-called ' 'spontaneous” autoxidation of glutathione is attributed to Cu (Dixon 
211)). Iron is much less active (Elliott 241)) or completely inactive in contrast to Pd, 
Au, Co (Voegtlin 1206)), The situation here is not so simple as with cysteine since 
glutathione forms regular salts (through the COOH-group, e.g. with Cd or Cu) but appa- 
rently no complexes (through the SH-group) with heavy metals. Therefore, the presence 
of a compound capable of such complex formation seems to be necessary. Added cysteine 
may serve in this capacity (Mbldrum and Dixon 778)) *). With glutathione stored as 
such cysteinylgly cine, formed by decomposition, acts as the intermediate (Mason 757)). 
Presumably cystine is formed in the course of the reaction and this dehydrogenates 
the glutathione. 

The 8H-groups in proteins are dehydrogenated but not fuUy oxidized by Cu,Mn, 


This observation could not be confirmed by Voegtlin 1005). 
Oppenheimer-Stern, Biological Oxidation. 
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Fe (1006)). After coagulation ovalbumin behaves like free cysteine: Mn dehydrogenates 
whereas C!u oxidizes completely. 

A significant contribution to the problem of the mechanism of autoxidation has 
recently been made by Szent-Gtoegyi and his associates 1136a). Among other systems^ 
they studied the oxidation of c a t e c h o 1 by molecular oxygen as catalyzed by heavy metal. 
The starting point of their experiments was the observation that ferrous iron which is 
only slowly oxidized by Og when it exists in simple inorganic salt linkage, is rapidly 
oxidized to ferric iron when added to catechol. The iron is, therefore, ''activated” by 
complex formation with catechol. At the same time, the autoxidation of the catechol 
is accelerated by adding a ferrous salt at neutral reaction. Inasmuch as no free ions 
may be detected in the system, it follows that the oxidation of the catechol is not brought 
about by ferric ions but that it is due to an intramolecular electron shift from the ferric 
iron to the catechol within the complex. This process is analogous to that postulated by 
Waebueg in the case of the oxidation of cysteine by iron salts (cf. 191). It was found, 
furthermore, that the reaction between the ferrous-catechol complex and O 2 is strongly 
inhibited by CO. Inasmuch as it can be shown that there exists a competition between 
the O 2 and the GO for the complex which depends on the relative concentration of the 
two gases, it is concluded that the first step of the reaction consists in a reversible oxyge- 
nation of the iron- catechol complex. There must follow an intramolecular electron shift- 
between the Og and the central Fe^^ -atom. The Fe^^^ thus formed accepts an electron 
from the catechol and is thereby regenerated to the Fe^^ form. The over-all result of 
this cycle is the oxidation of the catechol to quinone and the combination of the charged 
oxygen with the hydrogen ions of the water to form HgOg. This picture conforms with 
that developed by Wieland 1303a) on the basis of his extensive investigations with 
Franks. An analogous scheme is developed for the oxidation of ascorbic acid by Fe 
salts ”f” ^ 2 * 

other substances the catalytic oxidation of which has been frequently studied are 
the sugars. Some time ago Warburg and Meyerhof showed that fructose is oxidized 
by molecular oxygen in the presence of phosphoric acid and traces of Fe or Cu. Of the 
various sugars tested only fructose and sorbose were rapidly attacked (Wind). 

According to Meyerhof and Lohmann 793) the reactivity (placing that of fructose 
arbitrarily at 100) is as follows: fructose phosphate (NBUBBBG-ester) 220, BoBisoN-ester 
(equilibrium mixture between aldose and ketose monophosphate) 46, glucose 14, zymo- 
phosphate 0. In the last case complex formation with the heavy metal seems to be im- 
possible due to substitution of both terminal groups. In solutions containing buffer 
substances other than phosphate fructose is rapidly and other sugars are more slowly 
oxidized by heavy metal plus GaClg, at ph 8.5. The catalysis is inhibited by HCN (10“® 
M.), HgS, or pyrophosphate (Krebs 593)). 

The products of oxidation are acid. Consequently, the oxidation will soon be arrested 
if the buffer concentration is insufficient to maintain an alkaline ph (Nioloxzx 888)). 
Nicloux states 887) that glucose, fructose, lactose, galactose, maltose, and invert sugar 
but not sucrose are attacked. No tests were made concerning the metal content of the 
solutions. Small amounts of CO 2 are said to be formed. The production of various decom- 
position products depends on the hydrogen ion concentration. (W. L. Evans et al. 328)). 

On the other hand, Spoehr 1064) found another complex iron-pyrophosphate system 
not so highly specific; all sugars were attacked. Another system, consisting of Na 2 HP 04 + 
ferric phosphate, seems to be capable of oxygen transfer only in the presence of methy- 
lene blue. 
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It would appear that complex formation with pyrophosphoric acid is an essential 
requisite for catalysis (Degbrino 198), Malkov 749)), According to Kuen 635), however, 
the alkaline ph — and therefoie the formation of reductone-like substances by alkali — 
is of greater import than the presence of pyrophosphate. In recent experiments Hauro- 
wiTZ 468) finds oxidation only with fructose as the substrate while glucose is decomposed 
with CO 2 formation, but without O 2 uptake. This agrees with the statement by The- 
riault et al. 1165) that oxidation of glucose in ferrophosphate is due to contamination 
with bacteria. This statement has, however, been refuted by Goerner 308) who con- 
firmed the desmolysis of glucose by Spoehr’s ferriphosphate model system under con- 
ditions which excluded the presence of bacteria. It will be remembered that Krebs 593), 
working in Warburg’s laboratory, observed oxidation of all sugars tested in alkaline 
solution and in presence of heavy metal, especially of Cu. Pyrophosphate, HON, and HgS 
were found to inhibit the reaction. Palit and Dear 914) report induced oxidation of 
all carbohydrates tried and also of uric acid in the presence of freshly precipitated fer- 
rous hydroxide and of certain non-metallic reducing agents, e.g. sodium sulfite. This 
oxidation of arsenite etc. by atmospheric oxygen, as ^'induced by sugar” has been 
explained by Earned 452) by the formation of sugar peroxides; the participation of 
traces of iron is not denied because these reactions are sometimes inhibited by cyanide. 
In some instances a stimulation by cyanide was found. Upon shaking alkaline sugar 
solutions in air Shaffer and Earned 1047) were unable to detect the formation of 
organic peroxides; only SgOg could be found. The amount of hydrogen peroxide formed 
was increased by adding allegedly metalfree glass or of methylene blue. These obser- 
vations suggest that autoxidative reactions take place in the course of these complex 
reactions. The oxidation of fatty acids, carbohydrates, and proteins in presence of Pe 
and Ce hydroxide has been interpreted as an induced reaction with the initial formation 
of higher metal oxides, e.g. FeOg and OegOg (Palit and Dhar913, 915)). 

Trioses are oxidized in similarcomplexes (15)). Ironis most active here when added 
in the form of ferrous sulfate while hemm is less effective. The following compounds are 
oxidized by Cu in phosphate solution: glycerol aldehyde and dihydroxyacetone (ra- 
pidly), fructose and methyl glyoxal (slowly). The following substances show no oxygen 
uptake under the same conditions and exhibit partly inhibiting and partly stimulating 
effects on the oxidation of the above compounds (773)): glyoxal, glyoxylic acids, glycol, 
glycolic acid, pyruvic acid, valerianic acid, butyric acid, and propionic acid. A decarboxy- 
lation has also been observed in this system, increasing with the content of carbonyl 
groups. Glycol and glycolic acid do not react. We are probably dealing with coupled 
reactions. If animal charcoal is used as the catalyst, only sugar breakdown products, but 
not glucose itself are attacked (380)). Glycerol is dehydrogenated at palladium surfaces 
(Mazza and Carera 768)). As acceptors for the glycerol hydrogen O 2 and, less effectively, 
methylene blue may be employed. EON but not EgS or CO inhibit this catalysis. 

The ''autoxidation” of ascorbic acid is likewise a heavy metal catalysis and 
as such inhibited by cyanide (at acid reaction up to ph 7.6); Cu is again the most efficient 
catalyst (265, 257, 760, 564, 79)). The first oxidation product is dehydroascorbic acid 
(Kellie 554)). This is the true oxidant of the reversible redox system, the reductant of 
which is ascorbic acid. Its preserved vitamin activity is probably due to its reconver- 
sion to the vitamin proper under physiological conditions. Dehydroascorbic acid is rather 
unstable and is readily further oxidized to irreversible decomposition products. It is this 
situation (which is somewhat analogous to that existing in the epinephrine system) which is 
responsible for the controversy on the reversibility of ascorbic acid oxidation and on the 
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thermodynamic significance of potential measurements in the system. Autoxidation in 
alkaline solution causes irreversible destruction of ascorbic acid (see p. 93). Hemochro- 
naogens containing bases like nicotine may also promote the oxidation of ascorbic acid 
{Baebon79)), According to Zilva, SzENT-GYdRGYi and others, there exists a specific 
ascorbic acid oxidase (see also Hopkins and Morgan 499)). Its occurrence has been 
reported in plants like squash and cabbage. Eecently it has been claimed that the res- 
ponsible agent is not an enzyme but heavy metal, probably copper, in a rather simple 
chemical linkage (King et al. 1105a)). Straub 1107a), however, finds that fresh cucum- 
ber extracts have a 5 to 10 times higher ascorbic acid oxidase activity than ash solutions 
obtained from the same material. He assumes that the copper is activated by a linkage to 
a specific protein pheron. Details will be found in Oppenhbimer’s Supplement, p. 1587. 

The copper catalysis of ascorbic acid oxidation, just like the oxidation of leuco 
methylene blue by Cu (Schoberl 1039, 1030)), is inhibited by SH-groups (265, 257, 
103, 869)) due to their affinity for Ou and resultant complex formation. Once SS-groups 
have been formed by oxidation of the thiols, the inhibition ceases because of lack of 
affinity of SS-groups for Cu. According to Schoberl 1029, 1030) SH removes intermedia- 
ry H2O2; it is thereby oxidized to SS while the amount of H2O2 available for the main 
reaction is diminished. This interpretation is questioned by the recent finding of Barron 
78) that the inhibitory effect of SH-glutathione is only observed when ascorbic acid is 
oxidized by Cu as the catalyst. The dehydrogenation of ascorbic acid by hemochromogens 
or plant extracts is only inhibited by HCN but not by glutathione. Tissues contain a 
protective substance (554)) which prevents the oxidation of ascorbic acid. It is ther- 
mostable and dialyzable and does not consist, at least not entirely, of glutathione (760)). 
Epinephrine (p. 98), proteins, and amino acids act also as protectors in animal 
tissues (336)). 

Abietinic acid is oxidized by cobalt salts. The change in the absorption spectrum 
indicates complex formation between the metal and the substrate. The oxidation of 
oleic acid by air as catalyzed by various metal complexes (ferricyanide, molybdi- 
eyanide, copper glycine and copper pyridine) and by indophenol had been studied by 
Chow and Kamerling 168). The rate of oxygen uptake depends on the redox poten- 
tial in the system: ferricyanide (E^' + 0.42 v.) is most effective. Upon adding increasing 
amounts of ferrocyanide and thereby decreasing the potential the oxygen uptake de- 
creases. The potentials of iron complexes and their ph-dependence varies greatly with 
the nature of the complex forming anion. The redox potential of the iron cyanide system is 
4- 0.42 V, in the range of ph 4 to 8 whereas the potentials of the acetate, malonate, and 
pyrophosphate complex will decrease along this range (814)). Uric acid and its salts are 
aerobically oxidized by basic zinc salts (388)). Cobaltammines act as catalysts on pyro- 
catechol but not on tyrosine (939)). 

The first model reaction studied by Warburg was the oxidative catalysis of amino 
acids at charcoal so.rfaces. Today the significance of these experiments is more 
historical than experimental. The importance of the charcoal model for the heavy 
metal theory of biological oxidation has been lessened by the observation of 
Warburg himself that iron-free sugar charcoal is only a little less active than the iron- 
rich blood charcoal originally used. From a descriptive point of view the catalysis con- 
sists in a dehydrogenation and decarboxylation yielding the next lower aldehyde. Thus 
leucine gives rise to valerianic aldehyde. In charcoal containing iron the active agent is 
Fe linked to N. The linkage from the iron to the the nitrogen atoms of the pyrrol rings in 
heroin appears to remain intact upon carbonification though the rings themselves and the 
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methin bridges of tbe tetrapyrrolic porphyrin structure are, of course, destroyed. In 
heavy metal-free charcoal the active agent is the carbon itself. In the first instance, 
but not in the latter, cyanide is an inhibitor. The oxidation of amino acids and also of 
glucose, pyruvic acid, and several fatty acids by iron-free plant charcoal has been studied 
by Mayer and Wurmsbr 762). It was found that the Og as well as the substrates are 
adsorbed by the charcoal and that the process represents a typical heterogeneous cata- 
lysis on a carbon surface (see p. 22). The formation of COg as an end product of cata- 
lytic oxidation was also observed to a small extent with manganese dioxide as the 
solid phase. 

Hanbovsky 446) reported that iron-containing charcoal and iron in powder form 
show activity only after they have been heated and permitted to cool in a hydrogen but 
not in a nitrogen atmosphere. He assumed that there was formed as the active agent 
hydrogen peroxide from the adsorbed hydrogen. His hypothesis has been refuted by 
Warburg 1226) who points out that the amount of hydrogen adsorbed would have to 
be infinitely large in order to explain the permanent catalytic activity of the charcoal 
surface. Inorganic iron compounds are not capable of catalyzing the oxidation of amino 
acids; the same holds for ferrous salts after addition of indifferent colloids. The catalytic 
action of iron powder is stated to be inhibited by HON (Handovsky 446)). Fe^^-ions 
adsorbed on charcoal are ineffective (Kuhn and Wassermann 678)), only “embedded'’ 
iron is active. On the other hand Fe^^-ions adsorbed on charcoal exhibit a strong catala- 
tic activity towards HgOg which is of the same order as that of hemin. Fe * • adsorbed 
on metatin acid is less effective while Fe • • adsorbed on aluminium hydroxide is inactive. 
It appears that the “activation” of Og requires more energy than the decomposition of 
HgOg. Synthetically prepared charcoals containing iron are oxidative catalysts apparent- 
ly only if the iron is linked to nitrogen. According to Eidbal 982) we have to distinguish 
between different active centers of varying activity, e.g. Fe— 0— N, Fe — 0, C — C. 

With respect to the specificity of the oxidation on charcoal it has been found that 
amides, proteins, peptones, heterocyclic N-bases, urea derivatives and sugar are hardly 
attacked (Fubth 380)), whereas peptides and fructose are stated to be oxidized in pre- 
sence of alanine (1352)), Aliphatic amino acids with a long carbon chain and aromatic 
amino acids are more rapidly oxidized than alanine (Furth). The reaction never proceeds 
to completion. In alkaline solution a considerable rate increase is observed together with 
a complete change with respect to the mechanism. No more amino acid molecules 
disappear than in acid reaction, but the oxygen uptake and still more the COg evolution 
are greatly increased (EQ >2) (411)). 

It is not always possible to formulate the process as a dehydrogenation since N-sub- 
stituted amino acids also are oxidized, e.g. dimethylamino isobutyric acid to acetone, 
dimethylamine, and COg. With ozone the same oxidation products are obtained. Mono- 
methylaminoisobutyric acid is also decomposed by charcoal, though more slowly. Pro- 
bably oxygen is attached to the nitrogen to form an oxide or peroxide of pentavalent 
nitrogen which subsequently breaks down (95)). 

The statement that amino acids are hydrolyzed at charcoal surfaces (1351, 1362)) 
has been refuted by Wieland 1303), Due to the retention of oxygen by charcoal dehy- 
drogenation always takes place. Iron- containing charcoal dehydrogenates succinic acid 
to fumaric acid; oxygen as well as methylene blue function as acceptors. The activity 
of the charcoal increases with its iron content. With oxygen as acceptor quinone and 
KCN act as inhibitors (1130, 1131)). Oxalic acid is likewise oxidized by charcoal. The 
process is accelerated by ether, alcohols, and phenylurethane (Gompel 409)), 
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PeroxMatlc Effect of Heavy Metal Systems. 

The pronounced oxidizing action of iron salts + hydrogen peroxide has been 
known since ScHONBEiN, and the system was later regarded as a peroxidase model This 
appears justified inasmuch as the true peroxidases have been found to contain iron in 
complex formation with porphyrin (heme) and a specific protein (p. 178). While the true 
peroxidases are generally considered to act almost specifically on certain phenols, the 
simple iron systems will attack vigorously a number of biologically important compounds, 
e.g. sugars, fatty acids, and amino acids (Dakin and others). This property is made use 
of for preparatory purposes, e.g. in the Senton reaction of the breakdown of hexoses, in 
the preparation of dihydroxymaleic acid from tartaric acid, etc. They act, of course, 
also on phenols (405)). It has already been mentioned (p. 22) that such reactions pro- 
bably also occur in cell metabolism where they may be catalyzed by simple iron complexes 
or by hemins. 

These effects appear to be based, at least partly, on the dehydrogenation of com- 
plexes which in the case of sugars, especially fructose, have been studied in detail by 
KiiCHLiN and Boeseken G17, 618, 619, 620). The primary dehydrogenation of the 
sugar-ferrous iron complex yields osones which, in turn, reduce the ferric iron formed. 
It is not decided as yet whether actual complex formation or only a certain orientation 
of the polar sugar molecules by the iron ions is necessary. Phosphates, according to 
Maleov 749), inhibit, while Kubn claims that they accelerate the reaction Just as in 
the oxidation by Og (626)). The intermediary formation of iron peroxides is un- 
likely (618)). 

Specific iron complexes as they have been postulated by Baudisch 91) in mineral 
waters (see also Heubner 478)) are not recognized by Simon 1056, 1067) and by Presb- 
Nius 359). Simon is of the opinion that the solution contains ferrous ions which will 
form a complex only when in contact with the substrate. According to Goldschmidt 
et al. 408) such a complex formation is not always necessary since even ethyl alcohol 
which shows so little inclination for complex formation may be a substrate. Furthermore, 
the authors were unable to find a complex formation between Pe and glycolic acid as the 
substrate upon spectrographic examination. In contrast to Wieland and Prankb it is 
assumed by Goldschmidt that the peroxidatic reaction proceeds via ionogen and not 
complex bound iron. He believes that the reaction is a chain process involving an inter- 
mediate peroxide (p. 123). 

The peroxidatic and catalatic activity of iron oxides and other Pe compounds, and 
of metallic iron in various physical states have been studied by Baudisch et al. (90,92)). 
Kuhn and Wassbrmann (678, 679, 680, 1283)) studied the catalatic, oxidatic, and 
peroxidatic activity of iron in various states of adsorption. The oxidation of HgS by 
H 2 O 2 , for instance, is very strongly catalyzed by free Pe^^-ions and practically not pro- 
moted at all by iron complexes (phosphate, simple organic complexes, porphyrins) 
(1283)), while in other model systems the porphyrin compounds will show very pronoun- 
ced peroxidatic activity. Concernmg the qualitative differences in the action of various 
Pe-compounds the paper by UcKo 1189) should also be consulted. 

The kinetics of the oxidation reactions with diphenols, p-phenylene diamine, dihy- 
droxymaleic acid, and linoleic acid has been carefully investigated by Wieland and 
Franke (1312, 1314, 1316), With diethylperoxide + Pe- formic acid, lactic acid, 
amino acids, pyrogallic acid, etc. may be dehydrogenated (1307, 1306)). Without a donator 
the peroxide is decomposed by ferrous salt into alcohol and aldehyde (intramolecular 
hydrogen shift). The peroxidatic reactions which are brought about with the aid of this 
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peroxide are evidence for the dehydrogenative character of the catalyses since it cannot 
give rise to an iron peroxide of the type depicted by Manchot (p. 128). Wieland assumes 
that an intermediate reactive complex between Fe", peroxide, and substrate is formed. 
Upon the breakdown of the complex the iron is oxidized by the excess peroxide. We are 
dealing here with an induced reaction involving the formation of a "critical” complex 
in the sense of Bronsted; the process may become a true catalysis if the ferrous iron is 
regenerated by the donator. It is noteworthy that this Fe-catalysis is cyanide 
resistant. 

Similar experiments with thiols which are dehydrogenated by hydrogen peroxide 
alone — Fe and Cu accelerate — have been performed by Pirib 929) and by Schoberl 
1029, 1030). The fact that the dehydrogenation of HgO* is not inhibited by cyanide 
1115) is proof that it may be brought about without the participation of heavy metal. 
The rate of the reaction is greater at alkaline than at acid ph; potato oxidase and peroxi- 
dase do not accelerate and are, conversely, not inhibited by SH-compounds while acting 
on other substrates (454)). Obviously the direct oxidation of 8H by HgOg must have a 
mechanism different from that promoted by heavy metal. Under certain conditions the 
SS-groups formed without the participation of metal may themselves bring about 
dehydrogenations (462)). 

The effect of various simple iron salts and complex salts on benzidine has been 
examined by Simon 1057). Partly they represent induced reactions, partly they are 
catalytic in nature but involve a desactivation of the catalyst. Hemoglobin is more effec* 
tive than the other Pe compounds tried (p. 82). Copper but not nickel, zinc, or man- 
ganese salts exert a peroxidatic action on fatty acids (succinic acid, etc.) (Smebluy- 
MacLban 1059, 89)). Pe acts weakly in this case. Nucleic acid salts are attacked by 
basic zinc salts (Ganassini 388)). Other data concerning the catalatic and peroxidatic 
effects of Pe, Cu, Co, and other heavy metal complexes will be found in Shibata's pu- 
blications (1061, 1062)). As substrates oxyflavins like myrecitin were used. HCN inhibits 
these reactions (1049)). 

The peroxidatic activity of complex iron systems is of considerable theoretical im- 
portance: it makes it impossible to detect HgOg in autoxidizable iron systems, simply 
because the peroxide is utilized in a new type of oxidative catalysis as soon as it is for- 
med. In the case of copper the kinetic relationships are different from those of iron, Cu+ 
reacts faster with O 2 than with HgOg, while Pe*^-^ will react about 1000 times faster at 
ph 7 and about 2 — 3000 times faster at ph 4—5 with HgOg than with Og (Wieland and 
Fbanke 1316)). This explains why H 2 O 2 may be detected in Cu but not in Pe catalyses. 

The catalytic action of simple copper complexes, e.g. Cu(NH 3 ) 4 , Cu-pyridine, and of 
analogeous silver compounds has been studied by Eulbk (295)). Colloidal carbon, accor- 
ding to ScHwoB 1041), is peroxidatically but not catalatically active. 

Participation of Heavy Metals in Anaerobic Processes. 

While it is probable that heavy metals play an important part not only in oxidative 
but also in anaerobic biological processes, our knowledge has so far not penetrated beyond 
a few isolated observations and details. These observations are mostly limited to the 
accelerating effect of metal salts and to the inhibiting effect of substances known to 
form stable metal complexes on certain model reactions and biological processes. 

To begin with model systems, Toda 1178) in Waebueo's laboratory and Haebison 
463) demonstrated the accelerating action of Pe** and Cu** on the dehydrogenation of 
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cysteine and tMoglycolic acid by methylene blue. The same has been found in the 
case of sugars and similar substances; e.g. for fructose in phosphate solution (Blix 126 )) 

' and for dihydroxymaleic acid (Wieland and Franke 1. c. 288), p. 198). Some further 
data will be found in the paper by Ando 27). Aldehydes, sugars, and other substances 
are said to reduce methylene blue in presence of Pe*\ Euler 304) finds an acceleration 
of the spontaneously slow dehydrogenation of ascorbic acid by methylene blue. Iron- 
containing charcoal dehydrogenates succinic acid with methylene blue as acceptor. 
It appears that also in certain anaerobic biologic processes iron is playing the part of a 
catalyst. However its participation can only be concluded from an inhibition of the over- 
all process by reagents specific for iron. The same is true for copper as the catalyst. It 
might be mentioned here that Thunbero 1172) observed an acceleration of methylene 
blue reduction by plant extracts in the presence of Zn, Cd, Cu and Hg. 

According to Warburg 1218) the alcoholic fermentation of yeast is inhibited to 
an extent of 90 per cent by CN' in a concentration of 10“"^ M. This is a high concentration 
when compared with that effective in respiration (10 M.) but it is an effect 200 times 

stronger than would be predicted by the adsorption constant. In other words, this inhi- 
bition cannot be due to an unspecific surface action. 30 times the amount of HON 
in 5.10”^ M. solution is required for inhibition of fermentation as compared with the 
aerobic dehydrogenation of alcohol (Wieland 1322)). It is claimed (Patterson 918)) 
that KCN in concentrations greater than 5*10 affects only the rate, but not the total 
extent of fermentation by prolonging the induction period in intact yeast and by pro- 
ducing an induction period in yeast juice. KON, then, appears to influence the phos- 
phorylation rather than other phases of fermentation. HgS acts like ON' (875)). 

Carbon monoxide affects neither alcoholic nor lactic acid fermentation. Kempneb 
665) made the interesting observation that the butyric acid fermentation of Closin'- 
dium hutyricum is very sensitive towards ON' and CO. While at first he was unable 
to find an effect of light on the CO inhibition, in analogy to the respiratory ferment, 
later a diminution of the inhibition by very strong illumination could be demonstrated 
(Kempner and Kubowitz 557)). By employing monochromatic light sources these workers 
were able to determine the photochemical absorption coefficient of the enzyme-CO com- 
pound for a small number of wavelengths. 

Subsequent work by Kubowitz 612) showed that the CO inhibition is not concerned 
with the first phases of sugar cleavage to Cg-compounds, but with later stages leading to 
the normal end products butyric acid, hydrogen and carbon dioxide. In the CO-poisoned 
bacterium lactic acid is the end product. The inhibition appears to affect an enzyme 
containing heavy metal which splits pyruvic acid into COg, acetic acid and H^. 
A carbon monoxide inhibition of formate scission by Bacterium coli has previously been 
observed by Stephenson et al. 1070). Tamiya 1133) found an inhibition of methylene 
blue reduction by acetic acid bacteria in presence of 00. He interprets this effect as one 
of displacement by adsorption rather than of specific poisoning of an enzyme. 

It is noteworthy that nitric oxide (NO) will inhibit fermentation in a reversible 
manner, an effect which has been explained by a reaction with heavy metal (Warburg 
1223)). According to Wieland 1322) sodium fulminate affects respiration to the same 
extent as fermentation. 

The participation of copper in glycolysis, particularly in that of tumors, has been 
inferred from its inhibition by substances (amino acids, pyrocatechol disulfonate, etc.) 
which will form complexes with copper and which are able to protect animals against 
lethal doses of copper salts (232, 472, 589)). The inhibition of formic dehydrogenase of 



INHIBITION’ OF METAL CATALYSIS 


73 


bacterial origin by aminonaplitbol sulfonic acid has also been attributed to the presence' 
of copper in the enzyme (Cook, Haldane and Mapson 181)). On the other hand^ the 
importance of loosely bound ferrous iron for glycolysis has been postulated by Zuckbb- 
KANDL et al. (1383)) in view of his finding that a, a'-phenantroline which forms stable 
complexes with Pe** inhibits both alcoholic and lactic acid fermentation; a, j^'-phenan- 
troline which forms no such complexes is ineffective. Ustvbdt 1191) was unable to 
confirm these observations in the case of muscle glycolysis. 

Inhibition of Metal Catalysis. 

In many instances the inhibition technique has been and still is the only method 
available in the quest for the elucidation of the nature of biological catalysts. Almost 
everything that is known about the respiratory ferment, for instance, is derived from 
spectroscopic studies of its inhibition by carbon monoxide. It should not be overlooked, 
however, that the applicability of this tool is limited. The same heavy metal, iron for 
example, will exhibit a different behaviour towards supposedly specific reagents depen- 
ding on its particular type of linkage in the catalyst molecule. This may even go to the 
extreme of non-reactivity: a, a'-dipyridyl which is a highly specific reagent for ferrous 
iron and with which it forms a stable red complex (tridipyridyl ferrous sulfate) will not 
react with the ferrous iron in heme complexes. It is obvious that the deciding factor here 
is the ratio of the affinities of the complex forming reagents to the metal Warburo has 
stressed the point that the absence of heavy metal in a given catalysis must not be in- 
ferred from negative results with metal inhibitors. On the other hand it must not be over- 
looked that in spite of complex formation between the reagent and the heavy metal 
catalyst, the process may proceed unchecked or even more rapidly as before, simply 
because the newly created complex is catalytically active. A case in point is the formation 
of cyanhematin which promotes the oxygen uptake of unsaturated fatty acids. Conver- 
sely, the inhibition of an enzyme by cyanide is not sufficient proof that a heavy metal is 
at work. Xanthine oxidase is inactivated by cyanide in a relatively slow reaction which 
bears the marks of cyanhydrin formation rather than of ferric cyanide complex produc- 
tion (p. 90). In other cases cyanide has been found to activate enzymes, e.g. papain, 
eathepsin, by reducing the inactive — S — S — linkage to the active — SH — form. 

This section will be devoted mainly to a discussion of the interaction of inhibitors 
and metalcontaining model systems. The effect of these inhibitors on enzymes containing 
heavy metal, particularly a hemin grouping, will later be treated in greater detail 
The two reagents for heavy metals which interest us most in this respect are carbon 
monoxide and the cyanide ion. While an inhibition by CO indicates unambiguously 
the presence of heavy metal, the action of cyanide, as has been pointed out, is not decisive 
proof of this type, especially if only higher CN' concentrations are found to be effective. 
In the case of iron the mode of action of these two important inhibitors is fundamentally 
different : CO combines with ferrousiron and prevents its oxidation ; the iron carbonyl 
complexes exhibit varying degrees of photodissociation or rather light sensitivity. 
The cyanide ion has a greater affinity for ferric than for ferrous iron. It prevents the 
reduction of the iron (Warburg (p. 76), Krebs 696)). In the case of the respiratory 
ferment this can be shown by virtue of the fact that the degree of cyanide inhibition is 
independent of the Og-pressure. This concept has been further supported by direct 
spectroscopic observations in microorganisms (Warburg 1280)). The affinity of ferric 
iron for cyanide is exhibited not only by heme derivatives but also by simpler iron com- 
plexes and salts. 
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Carbon monoxide: A variety of heavy metals are capable of forming complexes 
with carbon, monoxide (carbonyl complexes). Iron pentacarbonyl (Pe(CO) 5)5 iron tetra- 
carbonyb diferro nonacarbonyl (Fe 2 (CO)Q), nickel carbonyl are examples of the simplest 
type of these compounds. Complex heavy metal salts may also form CO compounds 
provided that they are not coordinatively saturated. Thus, potassium ferrocyanide where 
the covalence forces of the metal are satisfied will not absorb 00 while the less saturated 
trisodium ferropentacyanammin (NagFeCygNHg, 6 HgO) will form complexes not only 
with CO but also with nitric oxide (NO) and oxygen. The GO replaces the NHg molecule 
in the complex (Manghot). Manchot has also determined the composition of certain 
copper and mercury CO complexes: CuCl(CO) (2 HgO), Hg(0C2H5)(C0) CL The most 
important CO complex from a biological point of view is, of course, carbon monoxide 
hemoglobin. It is not only interesting for its own sake but also as a convenient model 
for similar complexes, e.g. the respiratory ferment-CO compound, which have thus far 
not been isolated and which at best are only present in infinitesimal concentrations in 
living systems. Another interesting model is the ferrous cysteine CO complex which was 
discovered by Cbemer (191) in Warburg’s laboratory. 

The outstanding property of the iron carbonyl complexes is their dissociation by 
light. Mond and Langer, in 1891, discovered the reversible photodissociation of Fe(CO)g. 
Soon afterwards, Haldane and Smith accidentally observed the splitting of CO-hemo- 
globin by sunlight. The quantum yields obtained in various model systems and in the 
respiratory ferment-CO system have been measured by Warburg (p. 136). The affinity 
between the CO and the metal compound and the light sensitivity are important indivi- 
dual constants depending on the kind of metal, the nature of the other constituents, 
and on the type of linkage existing in the molecule. Nickel carbonyl complexes are less 
light sensitive than the corresponding iron compounds, while copper carbonyl complexes 
are stated to be light-stable. 

Compared with hemoglobin the respiratory ferment has a higher affinity for oxygen 
and a lower affinity for carbon monoxide. This may be demonstrated by the fact that 
in small cells where diffusion plays no large role {Micrococcus candicans) respiration 
will go on undiminished, i.e. the respiratory ferment will be saturated, down to oxygen 
concentrations of the order of lO-^ M. where oxyhemoglobin is completely dissociated. 
Conversely, hemoglobin will be fully saturated with 00 in presence of 0^ at a OJCO 
ratio of 1/4, whereas the respiratory ferment is still not fully combined with 00 at a 
ratio of 1/40 (Warburg (p. 142). GO-hemoglobin is considerably less light sensitive than 
the respiratory ferment-CO compound or OO-pyridinehemochromogen. The light sen- 
sitivity of the hemoglobin complex may be greatly increased by methyl carbylamine 
(Warburg 1378)). The theory of photodissociation of these CO compounds will be treated 
later (p. 136). 

Ferric iron forms no reversible CO complexes. But certain hemins (e.g. phaeohemins) 
are capable of oxidizing CO to CO 2 : 

2 > FeOH + 3 CO == 2 > FeCO + CO 2 + HgO (Negelein 876)). 

Whether biological copper catalyses are inhibited by CO is still controversial. 
Eeid’s 971) finding that CO inhibits the copper catalysis of leuco methylene blue has 
not been confirmed by Macrae 742). 

According to Barron et al. 79) the copper catalysis of ascorbic acid oxidation by 
molecular oxygen is inhibited by CO* Illumination fails to alleviate the CO-poisoning 
of the catalyst. These workers assume that the metal, in the course of the reaction, 
undergoes a cyclic change from the cupric to the cuprous form and that it is the latter 
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wMch combines with the CO. The polyphenol oxidase from potatoes which has been 
demonstrated to be a copper-proteid complex (Kubowitz 613)) is likewise inhibited by 
carbon monoxide. In conjunction with a phosphopyridine nucleotid-proteid the copper- 
proteid represents an “alcohol dehydrogenase’’ system which oxidizes alcohol to aldehyde 
and which is inhibited both by HON and CO. On the other hand, the “alcohol dehydro- 
genase” composed of alloxazine-proteid (yellow ferment) and the same phosphopyridine 
nucleotid-proteid is affected by neither inhibitor. 

The question of the formation of complexes between CO and heavy m e t a 1 - 1 h i o 1 
compounds has a rather involved history. Cremee 191) found that the catalytic 
cysteine oxidation by iron salts is inhibited by CO. Carbon monoxide will form an orange 
colored complex with ferrous cysteine where 2 CO molecules are absorbed by one atom of 
iron. This complex is dissociated by light in a reversible manner. Dixon 210) could con- 
firm the formation of this complex but not the inhibition of the catalysis. He was likewise 
unable to confirm the CO-inhibition of the cysteine oxidation by hematin which had been 
reported by Krebs 695, 596). Dixon explained the discrepancy by the observation that 
hematin decomposes in solution and that the breakdown products will combine with 
CO but not with cyanide. In the case of glutathione it was reported at first (Hartmann 
463)) that the nickel but not the iron catalysis was inhibited by CO. A reinvestigation 
{Kxjbowitz 612a)) had the result that not only nickel but also iron and cobalt will form 
complexes with glutathione (also with thioglycolic and thiolactic acid) which in turn 
will combine with CO. These phenomena are observed only if an excess of glutathione 
is employed with respect to the iron. The Fe-glutathione-CO complex but not the others 
are dissociated by light. 

Animals carrying hemoglobin as the protein for oxygen transport purposes are not 
suitable for the demonstration of inhibition of respiration by carbon monoxide because 
anoxemia due to CO-hemoglobin formation will cause death before cell respiration is 
stopped owing to CO inhibition of the respiratory ferment. The specific interaction 
between CO and the respiratory ferment has been demonstrated in unicellular organisms, 
e.g. in yeast (Warburo 1270)), in leucocytes (Fujita 381)), and in insects carrying 
hemocyanin (Galleria) (Haldane 441)). While revival by illumination of whole animals 
poisoned with CO had previously been tried with negative results owing to their opacity 
to light, Fleischmann et al. (348a)) have recently succeeded in this respect with trans- 
lucent young Tenebrio larvae. They became immobilized by treatment with a mixture 
of 80 per cent CO and 20 per cent air in the dark; mobility was restored by illumination 
with strong light. The experiment could be repeated up to six times with the same ani- 
mals. The heart rate of fish larvae (Fundulus) is slowed down by treatment with CO/Og 
mixtures; illumination will restore to some extent the original frequency (Fisher and 
Irvino 345)). 

Yamagutchi, working in the laboratory of Shibata, has recently reported (1367)) 
that an indophenol oxidase preparation in solution is CO resistant. The conclusions drawn 
by the Japanese authors from this observation concerning the role of Warburg’s respira- 
tory ferment in the cell are not convincing until the identity of the two enzymes is de- 
monstrated beyond doubt. Warburg has expressed the view that the respiratory 
ferment is linked to the structure of the cell in such a manner that it cannot be separated 
from it without a change in stability and specificity (change of the protein bearer ?). 

According to observations from Warburg’s laboratory (Eeid 973)); Warburg et al, 
1280)) CO will not react with the cytochrome system. Keilin however believes that the 
rather labile cytochrome-a component is blocked by CO; cytochrome-c in solution 
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will combine with CO only outside the physiological ph range, namely, beyond ph 12« 
(See, however, Altschul and Hogness {20 a))* 

Peroxidase and Catalase represent hematin protein complexes in a stabilized 
ferric state. Consequently, neither of them is inhibited by CO (Elliott and Suttee 248) ; 
K. 6. Steen 1089)). There exist also reports to the contrary (Kuhn et al. 649) ; Calipano 
159)). Keilin and Haeteee 648), after poisoning catalase with hydroxylamine or sodium 
azide and adding hydrogen peroxide, observed a change in the absorption spectrum in 
presence of 00 which they interpret as due to the formation of a ferrocatalase-CO complex. 
The same authors (549)) observed an inhibition of catalase by CO in some instances. 

Other important biological processes which are affected by carbon monoxide are 
the nitrate reduction by bacteria (Quastbl 944)) and photosynthesis (Wabbueg 
1225a)). Waeburg was inclined to put the inhibition of the thermal dark reaction phase 
of photosynthesis (Blackman reaction) by cyanide and CO in parallel to the cyanide 
inhibition of catalase. According to him iron was the active agent in both reactions. 
These observations have lately been reinvestigated and reinterpreted by Gapfeon 386a). 

Cyanide: The inhibition of heavy metal catalysts by cyanide is probably always 
caused by the formation of a complex between the catalyst and the inhibitor leading to 
a blocking of the active group of the former and thereby preventing the acceptance of 
an electron, i.e. the reduction. In the catalysis by simple iron salts the complex formation 
with cyanide may prevent the production of the autoxidizable complex with the sub- 
strate, e.g. that of ferrous cysteine. It has been known for a long time that hemin deri- 
vatives with ferric iron, e.g. methemoglobin, have a high affinity for HON. While Wae- 
BUBO seems to picture this compound as a simple complex salt of ferric iron, of the type 
> (CN), Haurowitz 464, 467) assumes a coordinative linkage where the OH-group 

(or a water molecule) is replaced by the HCN molecule. It is true that cyanide may also 
combine, under certain conditions, with ferrous iron. Hemochromogens are combinations 
between ferroheme or ferriheme *) and a nitrogen containing base, e.g. pyridine, nicotine, 
hydrazine. Cyan may also function in this capacity. Usually two molecules of the ni- 
trogen base are combined with one iron atom (Miesky and Anson 833b, 833c)). The 
cyanide hemochromogen and its dissociation constants have recently been carefully 
studied by spectroscopic methods by Barron et al. 489a). It is important that denatu- 
red proteins also form hemochromogens with heme. Of the native proteins apparently 
only globin may combme with heme. When hemoglobin is denatured the spectral type 
changes to that of globin hemochromogen. The corresponding ferrihemochromogen is 
cathemoglobin which may be obtained by denaturation of methemoglobin. Native 
ferrohemoglobin does not combme appreciably with cyanide because the bonding be- 
tween the ferrous iron and the globin is stronger than between Pe^^ and cyanide. 
However, there exists some evidence that cyanide may form a loose complex with hemo- 
globin of the type of oxyhemoglobin. The light sensitivity of carbon monoxide hemo- 
globin is increased by adding cyanide just as it is by methyl isocyanide (methyl car- 
bylamine) (Warburg et al. 1278)). The light sensitivity is defined as the ratio between 
photodissociation and dark dissociation. It is obvious that this ratio may be increased 
either by increasing the photodissociation or by decreasing the dark dissociation. The 
latter may be achieved, for instance, by lowering the temperature which will slow down 

*) In this discussion the recently proposed terminology for heme derivatives by Pauling and 
Mirsky Lc. 918a) is employed. It appears preferable to the one used by Keilin who calls the com- 
binations between oxidized heme (hematin) and bases 'parahematins and only those between reduced 
heme (heme) and bases hemochromogens. 
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the thermal dark reaction but not the photic, reaction. Cyanide and isocyanides have 
a similar effect; Warbuko concludes that they must combine with hemoglobin and 
CO, forming a ternary compound in order to be able to affect the rate of dark dissociation 
which is a characteristic constant for each individual heme complex. 

Whether a given heavy metal catalysis is inhibited by cyanide depends on the 
nature of the metal and on the type of its linkage to other constituents in the catalyst 
molecule. Predictions cannot be made; cytochrome c for instance, which is a combination 
of hematins wdth proteins, will combine with CN' neither in the ferrous nor in the ferric 
state. That in cyanide poisoned cells, e.g. in bakers yeast, the spectrum of reduced cy- 
tochrome is observed even under aerobic conditions is due to the block of cytochrome 
oxidation by the combination of cyanide with the ferric form of the respiratory ferment 
which represents a specific cytochrome dehydrogenase (or cytochrome oxidase). The 
inhibition of cell respiration by cyanide is apparently solely caused by this inhibition of 
the oxygen transferring enzyme. It is true that the respiration of certain cells, e.g. of 
the algae Chlorella 123a) is cyanide resistant under certain conditions. It is believed 
that in such cells respiration does not proceed via the phaeohemin enzyme of Warburu 
but via metal-free catalysts of the type of the yellow oxidation enzyme. On the other 
hand, it is not possible to deny that HON might act as inhibitor in metal-free catalyses. 
In the case of chain reactions, for example, HCN may be an active ''antioxidant” hke 
phenol or bydroquinone by causing a breaking of the chain (p, 48). Wieland’s theory 
of cyanide inhibition as due to an unspecific adsorption on the surface of the catalyst 
is certainly not valid for the range of low cyanide concentrations and for the case of 
hemin derivatives in general. 

Not only the ferric form of the respiratory ferment but also catalase and pero- 
xidase both of which contain ferric iron are strongly inhibited by HON. Zeile and 
Hbllstrom 1377, 1371) have described the formation of a spectroscopically well defined 
complex between catalase and HCN. The dissociation constant as derived from inhibition 
experiments agrees in the order of magnitude with that computed from rough optical 
measurements. One molecule of the enzyme will combine with one molecule HCN. The 
assumption of Zeile that the inhibitor will combine with a group in the enzyme different 
from that reacting with the substrate appears improbable and unnecessary. The cyanide 
inhibition of the respiratory enzyme as well as of catalase is fully reversible. It is claimed 
that the cyanide inhibition of peroxidase is irreversible (1328, 400)); this finding requires 
critical reinvestigation since Kbilin and Mann 561) have shown that peroxidase is 
also a ferric compound containing very probably protohematin as the prosthetic group. 
The combination of protohematin derivatives with HCN has been found to be reversible 
in all other instances investigated. A number of other enzymes, e.g. uricase, carbonic 
anhydrase, and succinic dehydrogenase have also been stated to be cyanide sensitive 
(see however (711)). Table 4, showing the inhibition of enzymes by cyanide and 
carbon monoxide has been taken from the review article by Hand 444). 

Copper catalyses are less cyanide sensitive than iron catalyses, at least as far as model 
reactions with thiols as substrates are concerned. Polyphenol oxidase from potatoes 
which contains copper in the prosthetic group and a protein bearer (Kubowitz 613)) is 
inhibited by HCN. Manganese as catalyst in the cysteine oxidation is completely cyanide 
insensitive. Not all hemin catalyses are inhibited by cyanide: neither the oxidation of 
unsaturated fatty acids (Kuhn and Meyer 663)) nor that of cysteine (Wriokt and 
Alstyne 1349)) is poisoned by HCN. 

Nitrils: Though nitrils form no complexes with heavy metals they behave like 
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TABLE 4. 


Affinities of Oxidases and Simple Iron-Porphyrins. 


Specificity 
(Terminology as by 
Eapbe 957)) 

Affinity 
for HON 

Eefe- 

rence 

CO/O 2 at 50 
per cent 
inactivation 

Eefe- 

rence 

Probable 
Valency of 
Iron 

Catalase 

Peroxidase . . . . 

50 per cent 
active at 

M = 8.10^ 

50 per cent 
active at 

M = 5.10-6 

(1377) 

(1328) 

No affinity 
for CO 

No affinity 
for CO 

(1299) 

(1328) 

Pe"' 

Pel” 

Methemoglobin . . 

Stable Com- 
pound 

(1381) 

No affinity 
for CO 


Pe"i 

Cytochrome oxidase. 

Poisoned by 

M = 10-3 to 
10-^ 

(1217) 

7 to 30 

(1261) 

Pe”?tPe“t 

Indophenol oxidase. 

Poisoned by 

M = 10-3 

(538) 

5.6 to 9.8 

(638) 

— 

Dopa oxidase . . . 

Poisoned by 

M = 2.10-3 

(957) 

— 


' 

Polyphenol oxidase. 

Sensitive to ! 

HCN 

(638) 

1.5 

(638) 

— 

Laccase . . . . • . 

Sensitive to 
i HCN ■ 

(443) 

— 

(443) 



Tyrosinase . • • . 

Sensitive to 
: HCN 

(443) 

■ 

(443) 

. 

Hematin (reduced) . 

1 50 per cent 
bound at M = 
10-6 

(596) 

large affinity 

(696) 

Ee” 

Hemoglobin .... 

No affinity 
for HON 

(485) 

0.005 

(70) 

Ee” 

Cytochrome c . . . 

No affinity 
for HCN 

(486) 

No affinity 
for 00 

(486) 

Ee”5iEe”‘ 

Xanthine oxidase . 

No affinity 
for HON 

(638) 

No affinity 
for CO 

(638) 

— 

Succinooxidase . . 

Probably no 
affinity for 

HON 

(638) 

No affinity 
for CO 

(638) 
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CN' in certain aerobic processes, e.g. in the dehydrogenation of succinic acid (Wiblanb 
and Fbage 1311), Sen 1043)) and of lactic acid (Baebon 83)). It has been shown in 
Wabburg’s laboratory (Toda 1177)) that certain nitrils, e.g. valeronitril, have a narcotic 
action which is in agreement with their adsorption constant. 

I s 0 n i t r i 1 s : The ester of hydrocyanic acid (carbylamines) show a selective inhibiting 
power. In model experiments they inhibit the oxidation of fructose and of cysteine. They 
have no effect on respiration, fermentation and COg-assimilation (Warburg 1320)) 
and none on catalase (Toda 1177)). They inhibit the Pasteur reaction in yeast and 
tumor tissue as evidenced by the increase in aerobic fermentation in their presence. Car- 
bylamine will combine with hemoglobin, thereby increasing the light sensitivity of CO- 
hemoglobin (Warburg 1276)), but not with methemoglobin (Warburg 1220)), It is to 
be concluded that carbylamine shows a high affinity for ferrous iron and little or none 
for ferric iron. 

Cyanate has no effect on tissue respiration (Eosenthal and Vobgtlin 1006)). 

Hydrogen sulfide (or NagS) inhibits the aerobic dehydrogenation of alcohol 
(Wieland 1322)), it inhibits peroxidase (1328)), catalase (1377, 1073)), indophenol 
oxidase (1295)), and the oxidative hemin catalyses with linseed oil as substrate (598, 
875)). The reaction HgS + H 2 O 2 is catalyzed by Pe and by hemin but not by peroxidase 
(1283, 1283)). The cyanide-sensitive uricase is HgS-resistant (546)). The copper containing 
potato oxidase is inhibited by HgS (613)). 

Sodium azide: This reagent has recently been introduced as a heavy metal 
inhibitor by Kbilin. It inhibits catalase reversibly (133)), furthermore it inhibits peroxi- 
dase, indophenol oxidase, phenolase. Cell respiration is poisoned only below ph 6.7 but 
no longer at ph 7.5 (Kbilin 543)). It also interferes with alcohol oxidation by yeast 
(Wieland 1322)). 

Hydroxy la mine: The inhibition of catalase by hydroxylamine has been known 
for a long time (Jacobsohn). It has recently been confirmed by Blaschko 124) who 
tried to employ it as tool in deciding the question as to the importance of the enzyme 
for cell respiration. The result was, unfortunately, not clear cut: while tissue catalase 
is poisoned in every case, the respiration of kidney slices is strongly inhibited by hydr- 
oxylamine, that of testis hardly at all. The existence of a combination between catalase 
and the reagent has also been made probable by spectroscopic experiments (Kbilin and 
Hartrbb 548)). 

Pyrophosphate: The action of pyrophosphate as a heavy metal inhibitor varies 
with the type of metal and of the substrate. In cysteine oxidation pyrophosphate inhi- 
bits the action of iron and manganese but not that of copper (Warburg 1322); Elvehjtem 
351)); in the case of sugar oxidation it is the copper catalysis which is affected (Kbbbs 
593)). According to Voegtlin and Eosenthal 1201) only the total oxidation of cysteine 
but not the dehydrogenation to cystine by Pe or Mn is inhibited by pyrophosphate. 
The inhibition of cell respiration by this reagent, according to Leloir and Dixon 711), 
is due to a poisoning of succinic dehydrogenase; in cells where this enzyme is not essential 
for the oxygen uptake, e.g. in bakers yeast, pyrophosphate has no effect on respiration* 

b) Hemin Catalyses. 

The term ''hemin catalysis'* encompasses all catalyses brought about by deriva- 
tives of the porphin skeleton in combination with a heavy metal nucleus. A subdivision 
may be made depending on whether chemically well defined heme compounds or coUoidal 
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systems consisting of a prosthetic heme group and a bearer protein are at play* The latter 
include the blood pigments, e.g. hemoglobin and methemoglobin, as well as the hemin 
complexes of the cell (respiratory ferment, cytochrome, etc.). 

Action of hemins in model systems: 

Inasmuch as hemin (ferriheme) is reduced by a variety of substances to heme (ferro- 
heme) and inasmuch as the latter compound is readily autoxidiiaable (Cbemer 190)), the 
conditions for catalysis are met whenever the reversible redox system Ferriheme + 
Ferroheme is formed; this system transfers hydrogen from suitable donators to mole- 
cular oxygen. The autoxidation of ferro heme is inhibited by carbon monoxide. The iron 
in heme is coordinatively tetravalent. Upon combining with bases like pyridine or with 
proteins it undergoes a change to coordinatively hexa valent iron. This is not dependent 
on whether the metal exists in the ferric or in the ferrous state. One molecule of CO is 
absorbed by one ferro heme complex molecule, i.e. by one iron atom. This holds even for 
the simplest compound of this type, namely, CO-heme (Hill 484rb)). The sixth place 
in the coordination shell of the iron is probably occupied by HgO in this instance. The 
potential of the ferro/ferri heme system is more negative than that of any hemochromo- 
gen (CoNANT 180); Barbon 77)). 

Free hematin has been observed spectroscopically in living cells (Kbilin 538)). 
Keilin has speculated on the possible significance of this heme for cell respiration as 
the precursors of cytochrome (638)). According to the same author (640)) these cell 
hemins are also responsible for the thermostable peroxidase activity of hemoglobin- and 
peroxidase-free cells (bacteria, yeast, etc.) 

As in any type of heavy metal catalysis the question must be raised as to whether 
the valencychangehypothesisis capable of explaining all phenomena observed in 
hemin catalyses or whether other m6chanisms,e.g. that of intermediary peroxide formation, 
must also be taken into consideration. In order to render the valency change mechanism 
plausible for any given case it is first necessary to ascertain whether reversible oxidation- 
reduction of the hemin derivative may occur under the experimental conditions. The 
action of inhibitors with special affinity for one valency stage only or spectroscopic 
observations are the most prominent tools in such investigations. Some hemin derivatives 
like peroxidase and catalase contain iron in a stabilized ferric state (Zbile and Hell- 
STBOM 1377); Stern 1089)). In such cases an attempt has been made to explain the 
catalysis without the assumption of an intermediary valency change (p. 46), Like cata- 
lase (Stern 1085)) other ferriheme derivatives form spectroscopically defined complexes 
with peroxides while in the ferric state: methemoglobin with hydrogen peroxide (Kobbrt 
684), Haurowitz 467)) and with ethyl hydrogen peroxide (Kbilin 646), Stern 1082)); 
peroxidase with (Kbilin and Mann 561)); hemin with HgOg (Euler 297), Haueo- 
wiTz 469)). Haurowitz assumes that the heme-H202 compound contains an activated 
H 2 O 2 molecule in coordinative linkage to the iron atom. In this form the heme may 
catalyze the kathodic reduction of HgOg (146)) as well as the transfer of donator hydrogen 
to chromogens and the hydrogenation of the bound peroxide by another HgOg molecule 
acting as the H-donator. It is interesting to note that other hemins but no other 
metal-porphyrins function in an analogous manner. Their magnetic moment appears to 
have no bearing on this question. According to BERaEL and Bolz 96) the catalytic 
oxidation of dialkyl aminoacids by hemin (natural amino acids are not attacked) occurs 
possibly through peroxide formation. The same possibility exists for the hemin 
catalysis of the oxidation of unsaturated fatty acid which is cyanide resistant (Eobinson). 
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The dehydrogenation of t h i o I s to disulfides by hemin was first obserYed by Haeki- 
soN 463). The oxidation of cysteine by free hemin and by hemin combined with cyclic 
nitrogeneous bases was subsequently studied by Kebbs 596). Calculated for 1 mg 
iroUj free hemin will transfer 8300 mm^ 0^ to cysteine per hour. The corresponding figure 
for pyridine hemochromogen is 92,000 mm^ and for nicotine hemochromogen 232,000. 
Since traces of FeS 04 were found to exert a strong stimulating effect, it appears likely 
that ferrous cysteine is more rapidly oxidized catalytically than cysteine alone. The 
catalysis is inhibited by HCN and CO; in fact, it has been used as a model for the cata- 
lysis of cell respiration by the respiratory ferment. The point in question was whether 
the absorption spectrum of a compound as determined by direct spectroscopy is identical 
in every respect with the photochemical absorption spectrum as determined by the in- 
direct ‘*CO-illumination'’ method. At the time at which this test was performed the ab- 
sorption spectrum of the respiratory ferment had not yet been observed directly in 
living cells. It was, therefore, necessary to choose a compound available in sufficient 
amounts and of a constitution and properties as similar as possible to the respiratory 
ferment. Pyridine hemochromogen is such a compound; the substrate was cysteine. 
The result was that there exists close agreement between the spectra measured by the 
two independent methods. The subsequent discovery of the long-wave absorption band 
of the respiratory ferment in yeast and acetic acid bacteria by direct spectroscopy by 
Warburg and his associates at the position predicted by the photochemical measure- 
ments (p. 136) is certainly as spectacular and significant in biochemistry as a similar 
event in the field of general chemistry, namely the discovery of certain chemical elements 
with properties predicted decades previously by Mendelejepf and Meyer on the basis 
of the periodic system. The long-wave absorption band of the respiratory ferment in 
a z 0 1 0 b a c t e r, according to Nbgelbin and Gbbisgheb 880) , is situated in the re d region 
instead of in the yellow as in yeast and aeetobacter. Unfortunately no photochemical 
measurements exist with respect to the respiratory ferment in azotobacter. For a crucial 
test of Warburg’s theory and for a decision of the controversy concerning the direct 
visibility of the respiratory ferment (p. 148) it appears highly desirable to secure infor- 
mation on the photochemical absorption spectrum of the ferment in azotobacter. 

Other substrates employed for the study of the oxidative efficiency of hemin and 
hemochromogens are ascorbic acid (Barron et al. 79)) and pyruvic acid (Meyer 783)). 
Both catalyses are inhibited by HCN. The catalytic oxidation of ascorbic acid yields 
dehydroascorbic acid, and that of pyruvic acid leads to oxalic acid. In a recent investi- 
gation of the oxidation of glutathione by hemin derivatives, Lyman and Barron 741a) 
believe to have observed complex formation between heme and the SS-form of the 
tripeptide. From the description of the procedure employed for the preparation of this 
complex, however, it is to be inferred that the green compound formed is not a complex 
of the type postulated by these workers but a verdohemochromogen, Le. the iron 
complex salt of biliverdin. This compound has been obtained by several earlier workers 
and has previously been considered to be a ‘'green” (i.e. a chlorophyll-type) hemin. 
Actually, it is protohemiri where one methine bridge between the pyrrol nuclei has 
been oxidized, thus causing a rupture of the porphin skeleton and the formation of an 
open-chain bile pigment structure, held together in the original porphyrin form by the 
complex binding forces of the central iron atom (Lemberg 711a)). 

Heme, besides being an oxidative catalyst, is also peroxidatically and eatalatically 
active. The first systematic investigations of these functions of heme and of its derivati- 
ves were carried out by Kuhn, Brann and Mbyee 143, 638, 639, 653). They detected 

Oppenheimer-Stern, Biological Oxidation. ® 
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the catalatie acticity of these substances. Their observations were extended by Ebile 
1370), Euleb,363), Haurowitz 466), Langenbbck et al 703) and Stern 1075, 1076a). 
All hemins containing iron are active towards HgOg; the hemin esters and copper-por- 
phyrins are inactive 1370). Protohemin, deuterohemin, mesohemin, pyratin-ScHUMM 
were found to be active (263)). The ferrihemochromogens and ferrohemochromogens have 
an activity of the same order of magnitude, viz. 10"“^ molecules of H 2 O 2 are destroyed by 
one molecule of the catalyst per second at 0° (635, 702, 1075, 1076a)). The rather low 
activity of these simple heme derivatives as compared with the enzyme catalase (10® 
molecules HgOg per catalase molecule per second) is due to the greater stability and 
consequent slow decomposition of the intermediary hemin-H202 complex (Euler and 
JosEPHSON 297); Haurowitz 469)). Imidazolhemochromogens, e.g. histamin hemochro- 
mogen, are among the most active of these synthetic hemin catalases (Langbnbbok 
703); Steen 1076a)). HCN inhibits only in comparatively high concentrations and at 
ph values above 8 (363)). Each catalyst appears to have its individual ph-optimum. 

Similar observations have been made with respect to the peroxidatic activity of 
heme and of its derivatives (638, 702, 979)). It is of interest to note that the coupling of 
heme with the same base may activate the three catalytic functions (peroxidatic, catala- 
tic, oxidatic) in a different manner. Chlorophyll hemins (green hemins) are less active 
than red (blood) hemins. Some amino acids increase the peroxidatic activity, trypto- 
phane decreases it throughout (979)). 

The catalytic activity of heme and of its derivatives is greatly affected by adsorption 
on various bearers. With charcoal, for instance, the catalatie activity is 200 per cent 
increased while the oxidatic efficiency is diminished; with metastannic acid both 
functions are little changed, while both are weakened by alumina (Kuhn). Catalysts pre- 
pared by adsorbing pyridine- or nicotine hemochromogen on starch or charcoal were 
found to be highly active oxidative catalysts with cysteine as the substrate (Brit. Pat. 
E. P. 804731); with respect to the decomposition of hydrogen peroxide, the activity of 
adsorbed hemochromogens (nicotine, pyridine, histamine) is of the same order as that of 
the same compounds in solution (Stern 1076a)). 

Among the most interesting oxidative functions of ferrihemes is their ability to 
oxidize hemoglobin to methemoglobin (Warburg and Kubowitz 1262)) and that of 
certain hemins, notably of chlorophyll hemins and of phaeohemins, to oxidize CO to 
CO 2 (Nbgelein 876)). In the first case catalytically active methemoglobin is formed on 
the surface of red blood cells which in turn may burn hexosemonophosphate in presence 
of the corresponding dehydrogenase system; the second fact explains why in certain 
manometric experiments, devised to test the inhibitory action of CO on certain hemin 
catalyses, no inhibition was noted but the gas disappeared instead. 

Catalyses by Hemoglobin and Related Compounds. 

Hemoglobin itself is not an oxidative catalyst as is to be expected from a substance 
developed for oxygen transport to the tissues; oxyhemoglobin is a loose and fully rever- 
sible addition compound containing ferrous iron. On the other hand, hemoglobin as well 
as oxyhemoglobin exhibit, in vitro, a weak catalatie and peroxidatic activity. The latter 
is somewhat stronger but of the same order as that shown by hemin alone and synthetic 
hemochromogens; the ph-optimum is at 4.6 (638)) (51)). The catalatie function has been 
studied, among other workers, by Haurowitz 446). A number of qualitative tests for 
the blood pigment, e.g. the guaiac and the benzidine reaction, are based on these "'in- 
cidentaF’ properties of hemoglobin. Methemoglobin, the true oxidation product of 
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hemoglobin with ferric iron^ is an oxidation catalyst under certain conditions. Though 
methemoglobin is readily reduced to hemoglobin by various biological systems, e.g. 
cysteine, glutathione, lactic acid dehydrogenase + lactate, the ferrous iron of the latter 
is so well protected by the globin component against oxidation that molecular oxygen 
will ordinarily oxygenate it to oxyhemoglobin and not reoxidize it to methemoglobin. 
In general, only oxidizing agents of the type of ferricyanide or methylene blue will convert 
hemoglobin into methemoglobin. By the use of such agents Wabbueg and his associates 
(1363, 1363, 1264)) have succeeded in producing an oxygen transfer with red blood cor- 
puscles via the redox system hemoglobinz^methemoglobin. Substrates oxidi- 
zed by this artificially produced system are glucose, lactic acid, hexosemonophosphate, 
provided that the necessary '"activating” enzymes (dehydrogenases) are present. It is 
somewhat perplexing that the behaviour of such blood cells containing methemoglobin 
toward oxygen will depend on the nature of the reagent employed for methemoglobin 
production. Thus, methemoglobin produced by amyl nitrite is catalytically inactive: 
The hemoglobin formed by the reducing substrate-dehydrogenase system will react 
with Og to yield oxyhemoglobin and not methemoglobin as would be required to complete 
the catalytic cycle. The same result was obtained independently by Wendel 1292). 
The reaction comes to a standstill after pyruvate has been formed at the expense of 
lactate and hemoglobin at the expense of methemoglobin. Phenylhydroxylamine, on 
the other hand, gives rise to a true catalysis with the redox system hemoglobin 
methemoglobin, but only if the reduction of the methemoglobin formed by the reagent 
is effected immediately by sugar in air. Under these conditions the hemoglobin will react 
in statu nascendi with molecular oxygen to give methemoglobin. If the reduction of the 
methemoglobin is carried out in an indifferent gas, argon for instance, and if air is, 
subsequently admitted, oxyhemoglobin is produced instead of methemoglobin and no 
catalysis takes place, just as in the case of amyl nitrite. This shows that the system 

+ Og 

DHg + Methb-^D + Hb + Methb + HgOg 

can only be set up under exceptional circumstances, namely, if the hemoglobin reacts in 
statu nascendi (see also p. 242). It is however possible to bring about an interesting type 
of methemoglobin catalysis by introducing a second redox system, e.g, a quinoid dye 
or hemin. The experiments by Waeburg and his associates dealing with this phenomenon 
took their origin from the observation of Barron and Harrop 82) that methylene blue 
when added to enucleated red blood cells causes the appearance of an artificial respiration. 
According to Warburg 1263, 1387) this is not due to an acceptor respiration via methy- 
lene blue where the metabolites are dehydrogenated with the aid of dehydrogenases + 
the yellow enzyme and where the leuco methylene blue reacts directly with molecular 
oxygen. It is stated that a chain of two redox systems is at work here: First, the 
methylene blue oxidizes the hemoglobin to methemoglobin; then, the latter oxidizes the 
metabolites. The hemoglobin thus formed is reoxidized to methemoglobin by the 
dye *). The catalysis consists, therefore, of an anaerobic (a) and of an aerobic (b) phase: 

(a) . . . . DHg + Methb-~>D + Hb; Hb + MB-->Methb + LMB 

(b) . . . . LMB + Og-^MB + HgOg 

(MB = Methylene blue, LMB == Leuco methylene blue). 

*) Schuler 1087 ), in Warburg’s laboratory, finds that the protein component, globin, is oxi- 
dized by ferricyanide and therefore probably also by methylene blue. 
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It is not impossible that the experiments by Exjlek 261) with liver extracts are 
to be interpreted similarly. U. S. v. Euleb 326) suspects that the increase in respiration 
of muscle provoked by dinitro-a-naphthoi is partly due to interaction with muscle hemo- 
globin (myoglobin) (p, 112). 

Michaelis and Salomon 819) have employed a series of redox indicators in an 
attempt to correlate the catalytic action of the dyes with their redox potential. They 
found that the stimulation of respiration of erythrocytes increased with the potential 
of the dyes up to a certain limit where no further increase was observed. They ascer- 
tained that the rate of methemoglobin formation was likewise increasing with a rise 
in potential. It is generally conceded, however, even by Waeburo (1238, p. 225), that it 
is more or less a matter of concentration ratios to which extent the catalysis will proceed 
via the dye alone or via the dye plus methemoglobin. This state of things also provides 
an explanation for the observation of Wbndbl 1292) that the catalysis is cyanide- 
resistant: the pure acceptor catalysis with dyes is not affected by ON'. 

It is interesting that a similar coupling of two redox systems for promoting oxygen 
transfer may be effected by two cell constituents. Warburg 1262) had found that 
hemin when added to red blood ceils will form methemoglobin. Later he showed that 
phenylhydrazine destroys hemoglobin by transforming it into free hemin and denatured 
globin 1263). The hemin oxidizes fresh hemoglobin to methemoglobin and is thereby 
reduced to ferroheme. The methemoglobin, in turn, is reduced back to hemoglobin by 
the metabolite-dehydrogenase system. Again we have an anaerobic phase (a) and an 
aerobic stage (b): 

(a) DHg + Methb->D + Hb; Hb + Hemin ->Methb + Heme 

(b) Heme + 02“-> Hemin -f HgOg. 

This combination of a non-autoxidizable and an autoxidizable redox system, both of 
which contain porphyrin-bound iron, represents a model for the catalytic chain of cell 
respiration. Cytochrome is the non-autoxidizable and the respiratory ferment is the 
autoxidizable catalyst. 

It should be mentioned here that this effect of phenylhydrazine occurs only if 
blood cells are treated with this substance in vitro. It is known that phenyl hydrazine 
poisoning in vivo also produces strongly respiring erythrocytes (Mobawitz cells). Their 
respiration, however, is not caused by the coupling of methemoglobin with free hemin 
but by the ordinary respiratory ferment. The Morawitz cells are young blood ceils, i.e. 
they respire due to the presence of nuclear material. 

Heavy Meial-Cotitaining Intermediary Catalysts (Mesocatalysts). 

A detailed definition of a 'mesocatalyst' system will be given later (p. 87). Here it 
may suffice to point out that they represent catalysts which can perform their par- 
ticular function only in conjunction with other enzymatic or non-enzy- 
matio catalysts. The only system of this kind containing heavy metal which 
we know is cytochrome. Of the three cytochrome components, a, b and c, only the 
latter has been isolated in pure form and has been found to be non-autoxidizable in 
the physiological ph-range. According to Kbilxn 540) and to Eoche 990) cytochrome 
d is autoxidizable or may be readily transformed into derivatives capable of reaction 
with Og. For the c component, however, the necessity for providing a specific oxidi- 
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Bing system contained in the chain of cell respiratory catalysts is generally accepted. 
This oxidizing agent has, been identified with the well-known indophenohoxidase by 
Kbilin and with the respiratory ferment by Warboeg. Now both authors take the 
view that these two oxidases are identical *). 

In model experiments with cytochrome c the necessary ''cytochrome-oxidase” 
must be provided in the form of washed heart muscle (preferably from sheep) in order 
to make the reoxidation of this carrier possible. Chains of the type: Oxidase + Cyto- 
chrome c + cysteine (Keilin 540)) and Oxidase + Cytochrome c + Glucose-glucose 
dehydrogenase (Hakrison 458)) have been successfully constructed in vitro to operate 
with molecular oxygen. Other reducing systems which could be substituted for glucose- 
glucose dehydrogenase are lactate-lactic dehydrogenase and succinic acid-succinic 
dehydrogenase (Ogston and Green 895)). 

It is very probable that in actual cell respiration a number of iron porphyrin systems 
is linked up in series. Warburg has discussed chains consisting of the respiratory fer- 
ment and the three cytochrome components and even a chain made up of two respira- 
tory ferments and three cytochrome components 1234). 

Cytochrome c is well adapted to a carrier function: It represents a readily reversible 
redox system with a normal potential intermediary between that of oxygen (and the 
respiratory ferment) on the one hand and that of the substrate-dehydrogenase systems 
on the other hand (see p. 160). In addition it has a relatively small molecule (M. Wt.i6.500) 
considering its constitution as a heme derivative combined with a protein bearer; it is 
therefore more readily diffusible than hemoglobin (M. Wt. 68000). 

2) MeM-Free Catalysis (Acceptor Catalysis), 

a) General Considerations. 

It is safer to substitute the name "acceptor catalysis” for the more common term 
"metal-free catalysis”. While it is established that metal catalysts of known character 
and especially hemin systems play no active part in these processes, the possibility 
that other metal catalysts in subanalytical traces may participate can not be ex- 
cluded as yet. 

The acceptor catalyses are primarily anaerobic reactions, i.e. they proceed without 
molecular O 2 . However, in the event that an acceptor is autoxidizable in its reduced 
form, they may proceed to the ultimate stage of oxidation by oxygen and thus pass over 
into an aerobic phase. If the reduced form of the last acceptor is non-autoxidizable the 
coupling link with oxygen may be provided by a suitable heavy metal system. This 
is the general pattern of cell respiration. Here the ultimate oxidation is effected 
by the respiratory phaeohemin ferment of Warburg. 

Even if the reduced form of the acceptor should be somewhat autoxidizable this 
faculty may remain unexploited in the normally respiring cell. Warburg has pointed 
out that in the competition for oxygen affinity becomes the decisive factor: the rate of 
reaction of the reducing systems with the oxygen transferring enzyme is much greater 
than that with molecular oxygen. This explains why autoxidizable substances like the 
leuco forms of the yellow enzyme or of pyocyanine, within the living cell, are reoxidized 
not by Og but by the ferric iron of the respiratory enzyme. 

*) It is possible, that these oxidase is nothing else than the autoxidisable cytochrome a itself, 
and the terminal catalysis acts in the chain: oyt, b— >o--> a— > 0^; v. Oppenhbimee, Suppl. p- 1664. 
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■ , III . principle, regeneration of the oxidized form of an, acceptor, e.g. qninone, may 
be accomplished by any of the following reactions: true antoxidation, reaction .with 
/hydrogen peroxide, oxidation by a higher valency form of a heavy metal, reaction with 
an, oxidase, peroxidatie reaction with HgOg + iron or + peroxidase* 

' , It is" obvious that throughout the field of anaerobic acceptor catalysis the type of 
reversible reaction occnring is that of Wibland’s dehydrogenation-hydrogenation, i.e. 
of hydrogen transfer. Whereas this transfer has been usually conceived as a simultaneous 
: shift of pairs of hydrogen atoms or electrons, recent work makes it appear likely that the 
transfer occurs in two steps comprising one H-atom or electron^ at a time. Intermediary 
radicals of the semiquinone type have been observed not only in the case of strictly 
' quinoid pigments, e.g. pyocyamne, but also in the case of the yellow enzyme, of oozymase 
and of codehydrase. : ' 

AiitoxIdlzaWe mi Mce-Autoxlilzaljle Systems. 

Autoxidizable acceptors or carriers will reduce oxygen to the hydrogen peroxide 
stage. When they are active within the cell or when they are added to, living cells, an 
'"iron-free respiration'’ results which is an unphysiological process even if no carrier has 
been added. It is unphysiological because the hydrogen peroxide formed by the reaction 
leads to the death of the cell. Facultative anaerobic lactic acid bacteria lack hemin com- 
. ponents; 'they contain a considerable amount of yellow enzyme. (Warbueg and Christian 
1344)). When brought into air they will change from their ordinary type of metabolism, 
i.e. from lactic acid fermentation, to respiration via the yellow enzyme. They possess no 
catalase or other iron systems to destroy the HgOg formed, hence they perish when a 
sufficient amount of the peroxide has accumulated. An example of iron-free respiration 
through an added carrier system is the so-called methylene blue respiration ( Meyer- 
hof, Barron, Warburg). This type of respiration is not inhibited by ON' or CO. The 
cyanide-resistant "residual respiration” of living cells, i.e. the fraction remaining after 
poisoning of the "main respiration”, is very probably such an acceptor respiration, 
established with the aid of the yellow enzyme or similar carriers. As will be shown later 
(p. 260) the extent of this residual respiration varies from that of a quantitatively 
negligeable fraction (as in yeast for instance) to that of a quite appreciable fraction of the 
total respiration (as in retina for example). Whether it plays any important role in the 
cell under normal conditions is a matter of conjecture. It may be an "emergency by-path” 
or it may be a quantitatively insignificant but qualitatively important constituent of 
the energy-yielding mechanism of living matter. 

Let us consider a simple case of acceptor respiration. The system lactic dehydroge- 
nase-lactate reacts with methylene blue to give leuco methylene blue and pyruvate. 
The process is cyanide-resistant (Stephenson 471)). If this reaction is carried out in an 
evacuated Thunberg tube it will stop after all of the acceptor has been converted into 
the reduced form, provided that an excess of lactate has been used. But if air is admitted 
the leuco dye will undergo reoxidation by Og and the reaction will continue. If, on the 
other hand, no dyestuff is added and air is present from the start no lactate dehydroge- 
nation will occur; lactic dehydrogenase is an "anoxytropic” dehydrogenase, i.e. incapable 
of utilizing Og as an acceptor for the hydrogen of the substrate. Under aerobic conditions 
a very small amount of methylene blue will suffice to bring the reaction to completion 
by virtue of its cyclic reduction and reoxidation. The dye acts as a carrier or 
intermediary catalyst in this set-up, whereas in the Thunberg tube it merely 
represents the second substrate or the acceptor. In the living cell, the dehydrogenase- 
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substrate system is linked np in the chain terminating in a iron containing (hemin) 
system. Lactate oxidation by living cells is, therefore, cyanide-sensitive. 

Carrier systems may be classified as enzymic and non-enzymic, depending on 
whether these low-molecnlar reversible oxidizable groups are linked or not linked to col- 
loidal bearers (proteins). Autoxidizable carriers are, for instance, the yellow enzyme, 
the ‘'respiratory pigments” of Palladin (quinoid plant constituents), oxytropic dehy- 
drogenases, e.g. aldehydrase (?), xanthine oxidase, amino acid dehydrogenases, the 
glucose oxidase of Muller, pyocyanine, chlororaphin, epinephrine, quinone etc. N on- 
auto xidiz able carriers are thiols, particularly glutathione, ascorbic acid, eodehy- 
drogenases (cozymases), diaphorase, most of the dehydrogenases, intermediary catalysts 
derived by desmolysis of food stuffs, e.g. succinic acid, malic acid. 

Enzymes and Intermediary Catalysts (Mesocataiysts). 

It becomes almost a necessity to recognize in principle that every reversible redox 
system found in the living cell represents a catalyst for biological oxidation-reduction 
reactions. Most of these systems have probably a very restricted catalytic function. They 
cannot act independently but are active only in conjunction with the colloidal 
biocatalysts, i.e. with the enzymes. More specifically, they can only transfer hydrogen 
which has been labilized ("activated”) by specific enzymes (dehydrogenases). The 
transfer proper seems to occur on a surface on which both the acceptor and the donator 
are adsorbed; the surface is provided by the protein bearer of the dehydrogenase* The 
function of the surface is probably that to effect orientation of the molecules and to lower 
the activation energy, thereby facilitating the reaction. 

The greatest advance in our knowledge of anaerobic desmolysis has sprung from the 
recent work of Warburo and of Euler and their associates. They have shown that the so- 
called co-enzymes are in reality not activators but the actual prosthetic groups which 
combine with the proteins, formerly thought to be the enzymes, to form the catalytically 
active complex. The chemistry of these biocatalysts will be dealt with in chapter I> 
(p. 212). Certain coenzymes have the structure of phospho-pyridine-nucleotides. Two 
different co-enzymes (codehydrase I (cozymase) and codehydrase II), differing in the 
number of the phosphoric acid radicals, have so far been described. The most important 
feature of these discoveries is that these co-enzymes may combine with different protein 
bearers to form enzymes of different specificity. Triose phosphate dehydrogenase, 
alcohol dehydrogenase, lactic dehydrogenase, hexose monophosphate dehydrogenase are 
enzymes built according to this schema. Carboxylase is likewise composed of a protein 
component (hitherto called carboxylase) and a co-enzyme, co-carboxylase. The latter 
is identical with vitamin-Bi-pyrophosphate (Lohmann) and has actually been synthesized 
from vitamin in vitro (Stern, Euler). The same compound may be the prosthetic 
group of pyruvic dehydrogenase (Lipmann) (p. 205). 

The link between the co-enzyme and the protein bearer is dissociable; dilution will 
establish an equilibrium between free and bound co-enzyme. One protein molecule may 
thus serve as the active surface for a number of co-enzyme molecules (Neoblein et al. 
883)). The co-enzymes of these dehydrogenases are reversible oxidation-reduction systems. 
In the course of the catalysis the pyridine moiety undergoes a cyclic hydrogenation — 
dehydrogenation with an exchange of two hydrogen atoms. The oxidized form represents 
a quarternary pyridinium base, while the reduced form is a substituted dihydropyridine 
derivative (Warburg, Karrer). 

The sequence of events in the dehydrogenation of hexose monophosphate (Eobxson- 
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ester) in vitro has been elucidated by Warburg and his colleagues (Lc. 1235). It may be 
given here as an example from which generalizations may be made with respect to 
similar processes. The hexose monophosphate dehydrogenase consists of a specific 
protein bearer and of codehydrase II, a triphosphopyridine nucleotide. In the absence of 
the protein, no reaction between the substrate and the co-enzyme will take place. They 
will react in stoichiometric proportions, yielding phosphohexonic acid and dihydro- 
pyridine nucleotide, only upon adding the protein bearer of the dehydrogenase. The 
dihydropyridine nucleotide thus formed is non-autoxidizable. It is specifically dehy- 
drogenated by the yellow oxidation enzyme the presence of which is therefore required 
for the catalysis. The prosthetic group of the latter, riboflavin phosphoric acid, is in turn 
reduced. The leuco form of this enzyme is autoxidizable. In vivo, however, its reoxidation 
is not effected by molecular oxygen but by a hemin system or by an intermediary cata- 
lyst of the type of oxaloacetic acid (Szbnt-Gyorgyi).^) It has recently been shown that if 
the yellow enzyme is reduced by hydrosulfite in presence of an excess of co-enzyme 
(cozymase) at neutral reaction, a red intermediate is formed showing the absorption 
spectrum of the cationic semiquinoid form of the flavin enzyme (Haas 430b)). The in- 
teresting point is that the free semiquinone, i.e. the monohydroform, of the yellow en- 
zyme in neutral solution is green and not red (Michaelis et al. 822)). The red form ob- 
served by Haas must be regarded either as the semiquinone of a yellow enzyme-code- 
hydrase complex or as the cationic radical of the free yellow enzyme which is somehow 
stabilized in the neutral medium by the influence of the co-enzyme. Inasmuch as a 
semiquinoid stage has also been observed (Karrer, Hbllstrom, p. 216)) in the reduction 
of cozymase, a diphosphopyridine nucleotide, it is probable that the hydrogenation- 
dehydrogenation reactions just described proceed in steps involving single H-atoms or 
electrons rather than pairs of electrons at a time. 

The chain indicated above is also of significance for general enzyme chemistry: One 
enzyme, the hexose phosphate dehydrogenase, acts as the substrate for another 
enzyme, the yellow ferment. The latter functions here as a dihydropyridine nucleo- 
tide dehydrogenase. The specific oxidation of reduced cytochrome c by the respira- 
tory ferment represents an analogous case. In order to fulfill these functions the oxidizing 
enzymes must not only have a more positive redox potential than the enzyme system 
which they dehydrogenate, but, in addition, they must exhibit a chemical affinity for 
the latter. It is this affinity which ensures the proper interaction of the links in the chain 
of respiratory catalysts. 

Effect of Metal Reagents on Acceptor Catalyses. 

While it is obvious that none of the better known metal complexes, particularly 
hemins, participate in acceptor catalyses, the absence of any metals in such processes 
still remains to be proven. It is not known, for instance, whether pigments of the type 
of methylene blue or pyocyanine may completely dispense with metal traces for the 
process of their reoxidation or whether they behave like thiols and ascorbic acid. In the 
case of methylene blue the oxidation of the leuco base in acid solution is a copper cata- 
lysis while in neutral or alkaline solution it is catalyzed by ^'surfaces”, e.g. proteins 
(Ebid 972)). It is claimed that pyocyanine does not require the aid of a metal. Wiblanb 
himself (1302, p. 13)) suspects, however, that at least subanalytical traces of metals 
participate also in the so-called "'metal-free’* reactions. 

The only criterion at our disposal when dealing with complex biological systems is 

#) The reoxidation of dihydropyridine in vivo is probably largely accomplished by the 
che^nc^Hy related enzyme diaphorase (see p. 226). 
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still the effect of heavy metal reagents, especially of cyanide and carbon monoxide. 
While it is already very difficult to remove completely heavy metals even from simple 
systems, e.g. from methylene blue or ascorbic acid, this is practically impossible in the 
case of biological preparations, e.g. tissue extracts. Specific inhibition remains, therefore, 
the only tool; it is unfortunate that this criterion is far from being unambiguous. All 
that we know about it is that ON' will react with the respiratory ferment, some hemins 
and most ferric complexes. Other catalysts, even if they contain Pe, are not affected 
by this inhibitor, copper systems only a little and manganese complexes not at all. A simi- 
lar situation exists with regard to CO; HgS and pyrophosphate show again another 
behaviour. If, therefore, no inhibition is produced by these reagents in biological systems, 
we are only entitled to conclude that they contain no enzymatic hemin in active state. 
But they may contain any number of cyanide-resistant heavy metal catalysts. If, on 
the other hand, an inhibition of an anaerobic process is caused by such reagents it may 
be due to reaction with a heavy metal, or else it may be due to an entirely different 
mechanism not involving metal at all. It will be remembered that Wieland contended that 
ON' inhibition does not involve iron but the dehydrogenase systems. Though it appears 
that he has withdrawn in its generality the original assumption that ON' poisons catalase 
and that the H^Og thus conserved harms the dehydrogenases, Wieland seems to cling to 
the idea that the mechanism of CN'-inhibition is analogeous to that by quinone or similar 
agents: It is assumed that HCN has a marked affinity for the catalyst, that it occupies 
the active centers on the surface and thereby prevents the access of the oxygen just as 
that of other acceptors. The observation that the '"quinone fermentation” (i.e. the fer- 
mentation with quinone as acceptor) of acetic acid bacteria is inhibited only by com- 
paratively high concentrations of CN' or CO is explained by the greater affinity of qui- 
none for the enzymatic surface as compared with that of the poisons (Bbrtho 106), p. 
204), This concept may be found in all of the work of Wieland concerning itself both 
with anaerobic (cf. Wieland and Claren 1308)) and with aerobic processes, e.g. with 
the dehydrogenation of succinic acid by muscle where the dehydrogenase is said to be 
even more sensitive towards ON' than catalase (Wieland and Lawson 1818)). If there 
are present simultaneously acceptors, oxygen and cyanide, very complex relationships 
will result (see Franks 288), p. 230)), For the majority of aerobic dehydrogenations 
Wibland’s point of view appears no longer tenable: Inasmuch as cells endowed with 
a typical respiration contain the respiratory pheohemin ferment, the reaction of which 
with ON' has been established beyond reasonable doubt, the cyanide inhibition is due 
here to the ultimate autoxidizable hemin system. On the other hand, we know that a 
very considerable fraction of the anaerobic model reactions as well as of pure dehydro- 
genase processes and of the dehydrogenations effected by oxygen in cells devoid of hemin 
components (e.g. the facultative anaerobic lactic acid bacteria) are cyanide-resistant 
(see for example Leloir and Dixon 7 11)) while methylene blue and quinone in excess may 
act as competitive inhibitors though, at lower concentration, they represent acceptors. 
There remain, then, the comparatively few indications of cyanide-sensitivity in anaerobic 
acceptor catalyses, considering anoxybiosis as a whole, and a few other observations 
concerning the inhibition of some dehydrogenases by larger ON' concentrations, Eecent- 
ly, Ogston and Green 896) found that a number of dehydrogenases are sensitive to 
6.10"^ M. KGN; among them are enzymes which do not react with cytochrome (glucose 
and alcohol dehydrogenase). But even the well established cyanide inhibitions are not 
indicative of the participation of iron since the type of reaction between enzyme’ and 
inhibitor appears to ho different. > 
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' It iS' true that the Schabdinger enzyme is directly poisoned by 5.10-^ M.: KCN 
while CO has no effect (Ddcon 208)), Leloir and Dixon 711)). Bigwood 116) also finds 
a reversible inhibition of xanthine dehydrogenase by 0.01 M. ON' which, even anaero- 
bically, is said to be detectable only in the presence of traces of oxygen. More recent 
observations by Dexon and Keilin 215) suggest that xanthine dehydrogenase (or al- 
dehydrase) represents a special case: when in purified state and when no substrate is 
present the enzyme is slowly and irreversibly poisoned by HON; neither oxygen nor 
methylene blue may function as acceptors afterwards. In presence of purines however, 
the enzyme is protected against the poison by the substrate; GO and HgS have no effect 
under either condition. It is possible that the cyanide effect, in this case, involves a spe- 
cific reaction with the active group, perhaps of the type of cyanhydrin formation. In 
this respect, the Schabdinger enzyme seems to occupy a unique position among the 
dehydrogenases, just as it is claimed that pyrophosphate will inhibit selectively succinic 
dehydrogenase 711). The claim of Quastel 946) that malonate is an equally specific 
inhibitor for this enzyme which has acquired a special significance in view of Szbnt- 
Gvorgyi's recent theory of tissue respiration (p. 268) is being questioned by Weil- 
Malhbrbe 1287). Alcohol dehydrogenase may be inhibited by heavy metal and sub- 
sequently be reactivated by SH-glutathione (Euler and Adler 274)). Each dehydroge- 
nase, therefore, appears to behave differently. 

At present we have no definite information whether some or all dehydrogenases 
contain heavy metal. The situation becomes even more involved due to the fact that the 
same substrate may be attacked by different catalytic systems which may or may not con- 
tain a metal constituent. We have already mentioned above the example of alcohol 
dehydrogenation which, in vitro, may be brought about by a metal-containing (copper 
proteid- phosphopyridine proteid) or by a metal free (aUoxazine proteid-phosphopyridine 
proteid) system. Only the former is ON'- and CO-sensitive. Cook, Haldane and Mapson 
181) believe that formic dehydrogenase of B. coli contains copper because it is inhibited 
by reagents forming stable complexes with Cu (e.g. amino naphthol sulfonic acid). This, 
of course, is only circumstantial evidence, while the proof offered by Kubowitz 613) 
that the potato polyphenol oxidase contains copper (see p. 181) is unambiguous: the 
activity is strictly paralleled by the Cu content of the enzyme preparations throughout 
the purification procedures. 

Affinity and Rate of Reaction. 

The existence of a great number of donators and acceptors which may conceivably 
take part in acceptor catalyses leads to the question as to the principle which governs 
the sequence of these reactions in biological systems. It is less difficult to understand the 
terminal position occupied in cell respiration by Warburg's respiratory hemin ferment. 
The ferro form is readily autoxidizable and the ferric form exhibits a special reactivity 
towards reduced cytochrome. One molecule of the Fe^ -form may "activate"’ 10^ mole- 
cules of Og per second while the F^^hform wiU o^dbaarily^^^^^^^^ with only 10^ substrate 
molecules (i.e. ferrocytochrome) per second (Kuhn 626)). The latter process is, therefore, 
in vivo the limiting factor of cell respiration. There can be but little doubt that the respira- 
tory ferment represents the most positive redox system in the chain of respiratory 
catalysts. Beginning with oxygen the chain goes as follows: 

Og— >-Fe *• :;±Fe “->Fe'*:<±..Fe''**v~>Ee"-.::^^ Fe*** Fe •• 

Eespiratory Cytochrome Cytochrome Cytochrome 
. ' Ferment (2) (3) 
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The cytochrome components are arranged in series and not parallel to each other (Haas: 
430a)). The order in which the a, b, and e component are lined up is not yet sure. 

The last cytochrome component establishes contact with the series of **metal-free'' 
catalysts, i.e. acceptor-enzyme-donator systems, which follow. Among these the number 
of possible combinations is great. We are still essentially unaware of the principles 
which cause the donator-dehydrogenase systems to find the right acceptors. In this 
connection it is important that certain substances which ordinarily are chemically inert 
show a high reactivity in statu nascendi, in other words, if they occur with higher 
than average energy content. In that event they become links in reaction chains propaga- 
ted by energy-rich particles (p. 44). 

It is a necessary prerequisite for an oxido-reductive catalysis that the dehydrogenating 
acceptor must have a higher potential than the donator under the conditions of the 
experiment. However, this is not sufficient inasmuch as the phenomenon of catalysis is 
linked up with reaction rates and not with affinity as expressed by redox potentials. Now 
it is important to realize that, with respect to the potential, the normal potential as 
calculated for ph 7 (E' J cannot be always the decisive factor for the actual course of 
step-wise reactions. This normal potential is calculated for the special case of equal con- 
centrations of the oxidized and the reduced form and also for further ''normal conditions”, 
e.g. for a concentration of one mole per liter. These conditions are probably never ful- 
filled in biological systems. The normal potential represents only one point on the 
titration curve of a redox system; depending on the electron number, mixtures of the 
two forms may show potentials differing as much as 30 to 60 millivolts from the value 
I'q, depending on the ratio Ox/Eed. The normal potentials of the very important equili- 
bria Lactic acid Pyruvic acid and also Acetaldehyde :<± Alcohol, as catalyzed by the 
corresponding enzymes, are situated close to — 200 millivolt at ph 7 (p. 54). If it were 
only a matter of the value of the normal potential it would be difficult to visualize an 
equilibrium system of a normal potential sufficiently negative to hydrogenate pyruvic 
acid or acetaldehyde. However, the occurrence of these reactions in biological systems 
may be understood if the relative concentrations of the various forms are taken into 
consideration (cf. Pkankb 366) and Gershinowitz 398)). If pyruvic acid, the oxidized 
form of the pyruvate-lactate equilibrium, is present in excess relative to lactate and 
if the equilibrium in the donator system is shifted towards the reduced form, a hydrogen 
transfer from the latter to pyruvic acid should be possible even if the normal potentials 
of the two redox systems are equal and, indeed, even if E'^ of the donator system happens 
to be slightly higher than E'^ of the pyruvate-lactate system. 

There seems to exist a law in biological desmolysis preventing a hydrogen 
transfer to the terminal hemin systems in abrupt jumps bridging big potential differences. 
On the contrary, the hydrogen is passed along over rather small potential increments 
to increasingly positive systems. Such a concept is held, among other workers, by Szent- 
Gyorgyi 1122). He assumes that terminal oxidation in vigorously respiring cells begins 
mainly with the succinic-fumaric acid system which itself has already a rather high 
potential (close to 0 millivolt at ph 7). Now there are many systems of a much more 
negative potential present in the cell and the question is, why is there no immediate 
reaction between the components of extreme potential, and therefore of greatest differen- 
ce in level of free energy, omitting the intermediate systems. Since thermodynamics 
cannot yield the required information we must look to kinetics for help. Miohaelis 

*) See, however, Ball (58)) and Oppenheimer’s „SUPPLEMENT’^ p. 1656; the ordre seems 
to be B— >-C— >A, cf. p. 85. 
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(804, p. 146) has pointed out that the efficiency of a redox catalyst is optimal only if it is 
rapidly reduced by the donator and rapidly oxidized by the acceptor. This condition is 
fulfilled only in a rather limited region of oxidation-reduction potential where the 
catalyst exists in a suitable ratio of the oxidized to the reduced form; otherwise one 
of the two reactions, hydrogenation or dehydrogenation, will suffer. The rate of the 
OYer-all process is of course determined by that of the slowest reaction step. Michaelis 
finds, for instance, that only those dyes will efficiently replace methylene blue in acceptor 
respiration which have a similar (methylene blue, + 11 mv., pyocyanine, — 34 mv., 
hallachrome, + 22 mv.). Indicators with potentials more negative than that of indi- 
godisulfonate and positive indicators of the type of the indophenols are inactive. 

It is ordinarily assumed in thermodynamics that there exists no fundamental 
relationship between the velocity and the free energy of a reaction. However, there is 
some experimental evidence available in favor of a connection between oxidation- 
reduction potential of a system, in other words of its free energy, and its rate of reaction 
with stronger oxidants or reductants. Thus, Conant 1761)) in his studies of the "'apparent 
reduction potentiaF’ of certain irreversible systems (nitro compounds, azo dyes, un- 
saturated 1,4-diketones) observed that their reduction by equimolecular mixtures of the 
reduced and oxidized forms of a reversible dye was a function of the potential of the latter. 
Similarly, La Mbr and Temple 779a) find that the rate of catalytic oxidation of hy- 
droquinone by manganous salts is a linear function of the available free energy of the 
system. Voegtlin, Johnson and Dyer 1204b) observed that the time required for 
reduction of various indicator dyes decreases with an increase in the normal potential 
of the indicator; they find that the reduction time is approximately a logarithmic 
function of the electrode potential. In their study of the rate of autoxidation of a series 
of complex iron salts Michaelis and Smythe 825) found an increase of the reaction 
rate with a decrease in the potential. The tridipyridyl ferrous sulfate with a potential 
higher than + 1 v. is not appreciably autoxidizable. Barron 76) reports that at constant 
ph and in the absence of catalysts there exists a linear relationship between the of a 
number of indicator dyes and the logarithm of the time necessary to effect an oxidation 
of the leuco dye from 2 to 50 per cent. Exceptions are l-naphthoI-2-sulfonate-indo-2,6‘- 
dichlorophenol and hydroquinone, the former being oxidized at a higher and the latter 
at a lower speed than predicted by the rule. 

Since the publication of Barron’s paper assuring considerations have been forth- 
coming from physical-chemical quarters. Hammett 443a) states: "It is certainly true that 
there is no universal and unique relation between the rate and the equilibrium of a re- 
action; it is equally true that there frequently is a relation between the rates and the equi- 
librium constants of a group of closely related reactions.” His paper should be consulted 
for a review of the known examples of this type of relationship. It may also be mentioned 
that Chow 168) has found that the catalytic effect of such redox systems as ferri- 
ferrocyanide upon the rate of linseed oil oxidation is determined by the potential of the 
catalyst. A theoretical basis for these observations has recently been supplied by Gershi- 
NOwiTz 398). This author refers to the theories of the absolute rates of chemical reactions, 
as developed by Eyeing, Kice, Stearn and Gbrshinowitz, which relate kinetic data 
with thermodynamic quantities. These authors have shown that the rate of a chemical 
reaction is given by the concentration of the reacting system in a certain fraction of the 
total phase space that is available to the systems, multiplied by the velocity with which 
the systems are passing through this region. The configuration of the reacting molecules 
which corresponds to this region of phase space is called the activated complex. The 



MEBOCATALYSTS 


93 


free energy of formation of the activated state is, in general, not identical with the free 
energy change of the total reaction. Inasmuch as the free energy change for a given 
reaction is equal to the difference of the activation energies of the forward and reverse 
reactions, the free energy of formation of the : activated state will, therefore, only be 
equal to the free. energy of the total reaction if the energy of activation of the reverse 
reaction is zero. It is this fact which has made obscure the relation between free energy 
and the rate of reaction. Gershinowitz develops an equation relating the rate of reaction 
to the normal potentials of redox systems reacting with each other which differs from 
an earlier equation from Con ant and Pratt in that it contains no arbitrary assumptions 
as to the reaction mechanism. 

b) Model Systems and Intermediary Catalysts. (Mesocatalysts)*^) 

General. 

For the time being it appears preferable to treat the intermediary catalysts separa- 
tely from the enzymes, though it is possible that at a later date the mode of classifi- 
cation may require certain changes. We shall discuss here those properties of the inter- 
mediary catalysts which are of importance for their participation in enzymatic processes 
while their chemistry will be discussed following that of the desmolytic enzymes (pp. 208, 
228); their rdle in cell respiration will be dealt with in chapter F (p. 261), 

The main function of the non-autoxidizable intermediary catalysts in the anoxy- 
biontic breakdown of carbohydrates appears to be related less to the very first stages of 
activation and scission of the hexose molecule than to the preparation of the metabolites 
for the ultimate combustion by oxygen. The cell seems to interpose these carriers between 
the negative metabolite-dehydrase systems and the positive cytochrome-respiratory 
ferment chain. This is suggested by the potential range of these carriers which is inter- 
mediate between the two extreme groups of enzymatic catalysts just mentioned. We have 
to admit however that, with a few exceptions, the actual function of the otherwise well- 
known substances of this group, e.g. glutathione, ascorbic acid, and certain quinoid 
compounds, is still largely a matter of speculation. 

Metabolfte Systems. 

' ■ A s c 0 r b i c a c i d (¥ 1 1 a m I n C) a n d , R e d n c t o n e s : ■ 

The relationship of the reduced form of the reversible redox system, ascorbic acid, 
to the oxidized form, dehydroascorbic acid, is that of a dienol to a diketone. Ascorbic 
acid may be readily oxidized and may thus reduce a variety of substances with the pro- 
bable exception of molecular oxygen in the absence of special catalysts (p. 209). If the 
oxidation consists only in dehydrogenation with a loss of two H-atoms, the dehydroascor- 
bic acid may readily be reduced back to ascorbic acid by H 2 S, e.g. after oxidation by 
Og + Cu at acid reaction; after oxidation in neutral solution only a small fraction of the 
ascorbic acid may be recovered by hydrogenation, while autoxidation at a ph above 7.6 
leads to irreversible destruction (Barron 79)). Apparently the living cell is also capable 
of reversibly reducing dehydroascorbic acid, since the latter has the same vitamin C 
activity as the reduced form (cf. Zilva 1382)). 

Ascorbic acid reacts with a number of suitable acceptors: quinone will dehydrogenate 
it rapidly, methylene blue only slowly in spite of its sufficiently positive potential; Cu 
catalyzes this reaction (p. 67). The rate goes through a minimum between ph 5 and 7 
(Euler et al. 266)). Eeductones reduce methylene blue rapidly in comparison with ascorbic 


*) See also B. Kisch 571). 
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acid. The behaviour towards glutathione suggests the establishment of equilibria (see 
p. 98). It is still a controversial question whether there exists a specific ascorbic acid 
oxidase the occurrence of which in plants has been reported by Szent-Gvorgyi 1119 ), 
Eilva 1382 ), Taubeb and Kleiner 1144a). On the one hand it is difficult to dif- 
ferentiate clearly between an enzymatic process and a less specific catalysis by Cu 
(p. 67 ) or by quinoid substances (Eilva). On the other hand the possibility exists that, 
at least in animal tissues where there is no oxidase of this type, pyridine containing en- 
zymes or the yellow ferment may intervene. For details see Oppenhbimer’s "‘Supple- 
ment'’, p. 1587, and Tauber’s review (1144a)* 

Ascorbic acid is credited with a variety of catalytic or inductive functions. Joeissen 
608) finds an oxidation of lactic acid. Holtz 493, 491) reports that ascorbic acid and the 
reducing substances produced by irradiation of sugar solutions with ultraviolet light 
or X-rays increase the oxygen uptake of unsaturated fatty acids and cause an induced 
oxidation of sugar in phosphate buffer. The observation of Harrison 460) was of par- 
ticular interest. He observed that the addition in vitro of ascorbic acid to liver and muscle 
tissue of scorbutic animals provoked an increase in respiration. This was considered to 
be the first demonstration of an in vitro-effect produced by a vitamin. According to 
Quastbl and Wheatley 949) this effect is concerned with fatty acid oxidation since 
the addition of ascorbic acid to liver slices will enhance the conversion of butyric acid 
and other fatty acids into acetoacetic acid. Upon reinvestigating the results obtained 
by Harrison, King and his associates (1105b)) conclude that the oxygen consumption 
of tissues caused by ascorbic acid equals the sum of the original respiratory oxygen plus 
the 02-volume required for the oxidation of the ascorbic acid. If this is accepted, Har- 
rison’s results can no longer be interpreted as an effect of vitamin C on tissue respiration. 

Ascorbic acid, as a reducing substance, is stated to protect thiols, epinephrine, and 
dihydroxyphenylalanine (Dopa) against oxidation (1, 1034)). Conversely, epinephrine 
has a protective action oh ascorbic acid (1369)); this may have some relation to the pro- 
tective action of tissues on the vitamin (760, 654)). 

1-Histidine is converted by ascorbic acid to histamine (Holtz 496)). While this 
indicates that the vitamin is a model for the enzyme Histidase, Edlbachbr et al 228) 
have found recently that ascorbic acid in the presence of iron or hemin will deaminate 
histidine as well as histamine; accordingly, ascorbic acid would be a Hist aminase model, 
showing a pronounced ph-optimum at 7.2 (at 38®). After having reinvestigated the pro- 
blem, Holtz 494) still would prefer to designate ascorbic acid as a histidase rather 
than a histaminase model in view of the fact that the ammonia formed from 
histidine and from histamine under the influence of ascorbic acid or histidase is derived 
from ring nitrogen while the ammonia produced by histaminase originates from the side 
chain of the substrate molecule. 

The activation of papain and cathepsin by ascorbic acid or by its iron complex 
(Karrer, Purr, Maschmann) is probably due to a reduction of the inactive disulfide 
form of these enzymes to the active thiol form (see Bbrsin 101a)). 

We know very little about the role played by ascorbic acid in cell metabolism. The 
consideration of the various possibilities hinges upon the question of the reversibility of 
ascorbic acid as a redox system and on the value of its potential. The experiments of 
Karrer et al 630a), Green 414) and Laki 689) answered the question as to the rever- 
sibility in the negative. The evidence adduced by Georgescu 393), Wurmser and 
Loureieo 1360) and Borsook and Keighley 139) spoke in favor of reversibility. 
Eecent work by Pruton 379) and Ball 68a) justifies the conclusion that the system 
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ascorbic/dehydroascorbic acid is reversible between pb 5 and 7, The sluggish electrode 
behaviour of the. system is due to secondary reactions leading to irreversible changes 
of the primary oxidation product. By using small , amounts of suitable dyes, e.g. thionine, 
as electroactive mediators between the ascorbic acid system and the noble metal elec- 
trodes, Ball was able to determine the equilibrium between the vitamin and the pri- 
mary dehydro-product. The normal potential of the system at, ph 7.2 is + 51 mV. which 
classifies ascorbic acid as a system of a reducing intensity similar to methylene blue. 
The fact that it readily reduces Tillmann’s indicator — 2,6~dichlorophenol-indophenol — 
which is a very positive redox system (E'^ == + 0. 217 V. at ph 7) has often been cited, 
without justification, as evidence for the strongly reducing properties of ascorbic acid. 
It , is, in fact, a weakly reducing system. 

The redox potential of pure reductone (enol-tartronaldehyde) has also recently 
been measured. According to Wurmser et al. 1365) the normal potential at ph 0 equals 
-f ' 0.282 V.; the system is measurable only up to ph 6. 

At present there is hardly any , indication for a participation of ascorbic acid in 
anaerobic fermentation reactions. It would be easier to assume that its place is in 
the first stages of oxybiosis, perhaps somewhere in the neighbourhood of the yellow fer- 
ment, especially if it is believed that ascorbic acid, similar to the yellow enzyme, may 
transfer hydrogen directly to the terminal hemin system or to other iron 
compounds. Szent-Gyorgyi, some time ago, visualized a direct oxidation catalysis via 
ascorbic acid: after dehydrogenation of the metabolites the hydrogen is transferred 
(through the copper complex and then a specific ascorbic acid oxidase) to molecular oxygen. 
It is, indeed, not impossible that ascorbic acid and similar carriers cooperate with heavy 
metal catalysts in ultimate oxidation reactions. One could think of a direct dehydroge- 
nation of ascorbic acid by cytochrome in the course of normal cell respiration, MoEarlanb 
869), on the other hand, assumes on the basis of model experiments with ionized ferric 
salts, ferric lactate, iron-protein complexes, that ascorbic acid, in Yivo, is able to maintain 
the entire tissue iron (not the respiratory ferment) in the ferrous state by reduction. 
Thus, an induced oxidation, by Pe (2), of fatty acids, for instance, might conceivably 
be coupled with a stoichiometrieal regeneration of Pe (2) from Pe (3) by ascorbic acid; 
since the latter is continually produced in or absorbed by the cell, the over-all aspect 
of the process would be that of a catalysis. Furthermore, ascorbic acid might be peroxi- 
datically oxidized by the iron systems of the tissues in conjunction with primarily formed 
HgOg (pp. 70, 123). Such a drastic decomposition is, however, unlikely in view of the 
faculty of living cells to reduce dehydroascorbic acid. 

Thiol Systems, Glyfathione; 

The most important sulfhydryl compound in living cells is undoubtedly gluta- 
thione. There are hardly any indications that free cysteine or similar simple compounds 
are of significance for desmolysis, with the possible exception that they may act as auxi- 
liaries in the oxidation of glutathione. Thus, there remain besides this tripeptide of 
glutamic acid, glycine, and cysteine only the SH* groups contained in proteins and higher 
polypeptides. It is certain that these are capable of dehydrogenation and reduction in 
the cell. Oathepsin, the intracellular proteinase in animal tissues, and papain, the cor- 
responding plant enzyme, appear to be proteins and are apparently only able to hydro- 
lyse peptide bonds of their substrates when they exist in the reduced (SH-) state; in the 
S-S-form they may exert a synthesizing action. This is concluded from Voegtlin’s 
1304a) experiments: proteolysis in tissue suspensions proceeds most rapidly in a nitrogen 
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atmospliere, while in oxygen protein synthesis is favored.*^) It may be argued, of course, 
that this effect is due to the state of oxidation-reduction of glutathione rather than of 
the enzymes themselves. It is true that both the ''zookinase’V(WALDscHMiDT-LEiTZ 
et al.) and the /'phytokmase’'(GEASSMANN et al.) of cell proteinases have been shown to 
be identical with SH-glutathione. But the effect of this thiol like that of other activators 
(cysteine, H^S, HON) is to be ascribed to their reducing action on the disulfide groups of 
the enzymes. Therefore, in the last analysis, the effect of the oxygen pressure on pro- 
teolysis may be due to the shift in the SS :<± 2 SH-equilibrium in the enzymatic proteins 
with glutathione acting merely as a go-between. However, there exist certain obser- 
vations which militate against this view. SS-glutathione w'hich, according to this hypo- 
thesis, should have the same effect as oxygen on the proteinases is apparently quite inert. 

According to Anson 31a) highly purified cathepsin is activated neither by cysteine 
nor by HCN. The effects observed with crude enzyme preparations may have been due 
to the removal of inhibitors by these '"activators”. It will be remembered that such an 
explanation was advanced several years ago by Krebs 698a) who found that the activity 
of papain is increased by the removal of traces of heavy metals from the substrate (ge- 
latine) by complex forming substances, e.g. HCN, prior to addition of the enzyme. 
However, the incomplete removal of the HCN after the treatment of the substrate might 
possibly explain the activating effect observed by Krebs. Moreover, his theory cannot 
explain the activating effect of certain very stable heavy metal complexes, e.g. tridi- 
pyridyl ferrous sulfate, on cathepsin (Michaelis and Stern 827a). A thorough rein- 
vestigation of the problem with highly purified cathepsin and crystalline papain as they 
are now available should be able to elucidate the mechanism of the various effects pre- 
viously observed. The promotion of protein synthesis by increased oxygen tension may 
possibly find an altogether different explanation: the energy required for the endothermal 
back reaction might be furnished by simultaneously occurring oxidation reactions (ener- 
getic coupling). It should be born in mind that Vobgtlin’s experimental mixtures con- 
tained a large variety of enzymes and substrates besides the proteolytic system. 

In certain instances the function of the sulfhydryl group appears to consist, indeed, 
in its combination with inhibiting traces of heavy metal. An example is the "acti- 
vation” of alcohol dehydrogenase by glutathione, with methylene blue as acceptor 
(Wagner- Jauregg and Moller 1211)); see also Schoberl 1029, 1030)). Another 
hypothesis is that SH-giutathione removes HgOg or "‘active oxygen” (Gosh 402)). 

The main function of glutathione is generally considered to be that of a reversible 
redox system which operates in conjunction with the other oxidation catalysts of the 
cell. Here we have to admit that the story of glutathione has been rather disappointing 
and is still far from being completely written. When Hopkins announced the discovery 
of glutathione in 1921 he ascribed to it an important role in intermediary hydrogen trans- 
fer processes. Such a role would obviously have to depend on full reversibility of the 
redox system formed by the SH- and the SS-form under physiological conditions. All 
attempts to demonstrate such a behaviour in vitro have more or less failed (cf. Wurm- 
ser 1354), p. 157), Michaelis 804), p. 152), and Bumm 154)). Green 413) also reports 
that glutathione, in vitro, behaves like an irreversible system. This means that mixtures 
of the reduced and oxidized form fail to impart a stable and constant potential to noble 
metal electrodes; as in the case of cysteine the potential level appears to be solely deter- 
mined by the reduced form and, moreover, the values recorded by individual electrodes 
differ considerably. In the case of cysteine Fruton has been able to reach an equilibrium 
*) For Details see Oppenheimbr’s ‘‘Supplement**, p. 917, 919. 
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condition or at least a steady state by permitting it to react with the oxidised form of a 
suitable redox indicator (indigodisulfonate) over a relatively long period. The final 
degree of oxidation of the dye as derived from the color intensity w^as assumed to cor- 
respond to the potential established in the SS-SH-system, The reversibility was deduced 
from the fact that the equilibrium state could also be approached by adding cystine 
to the leuco form of the indicator. It is quite possible that glutathione w’-ould show a 
similar behaviour under these conditions. However, the slowness of this process wnuld 
be a prohibitive factor in a consideration of the physiological requirements where biocata- 
lysts change their state of oxidation-reduction many hundred times a second. There 
exists the possibility that in the cell the change-over from one form of glutathione to 
the other is greatly accelerated by a catalysis. Bibrich et al. 112) are inclined to deny the 
functioning of glutathione as a redox system in ceil metabolism because they were unable 
to demonstrate the presence of the disulfide form in fresh tissues. Perhaps it is not the 
disulfide form which forms the redox system with the sulfhydryl form but an inter- 
mediary form as Kendall and Nord 891, 669) suspect. 

It would appear that neither the hydrogenation of glutathione by a donator nor 
the d e b y d r o g e n a t i 0 n by an acceptor are as simple as in the case of other carriers. The 
first attempts to demonstrate a reduction with the aid of dehydrogenase systems (cf. Bumm 
164)) were unsuccessful; consequently Bertho 105) was inclined to ascribe to the S-S 
grouping a lack in affinity just as some other groupings are unable to act as acceptors. 
Later the reduction of glutathione could be brought about by experiments with tissue 
suspensions. This is achieved at the expense of an unknown donator and with the coope- 
ration of a protein containing free SH-groups. The biological materials were muscle 
(Hopkins and Elliott 498)), powdered tissues suspended in dilute serum (Wurmser 
1355)), sea-urchin eggs (Eapkine 960)), and erythrocytes (Meldrum 777)); yeast, ac- 
cording to the last author, was ineffective. Eapkine found a further catalysis with the 
participation both of glutathione and methylene blue. The mechanism of these reactions 
is still obscure. It may be that the role of the donator is played by the strongly reducing 
sugar derivatives (including ascorbic acid) which, according to Wurmser, are present 
in the cell. If this were true glutathione would exert its redox function at a rather early 
stage of desmolysis. One might assume, for instance, that it may take over the hydrogen 
from the reduced form of the phosphopyridinenucleotide (cozymase). Inasmuch as this 
oxidation is ordinarily performed by the yellow enzyme or by diaphorase, we would have to 
assume either a competition between the two redox systems for the dihydropyridine 
compound or else a reaction between S8-giutathione and the reduced form of the flavo- 
protein. At present this problem is still entirely in the realm of speculation. 

The general significance of sugars for the reduction of glutathione has been demon- 
strated in model systems as well as with intact cells. Both Mann 754) and Sen 1043) 
were able to reduce glutathione by glucose plus a dehydrogenase preparation from liver. 
Neither succinic acid nor lactic acid are suitable as donators (Elliott 240)). In the case 
of intact cells the part played by sugars is indicated by indirect evidence only: The 
depleted liver of fasting animals is incapable of reducing glutathione. On the other hand, 
the addition of glucose, fructose and other sugars to pneumococci (Dubos 221)) and intact 
red blood corpuscles (Meldrum 777)) causes a considerable increase in free SH-groups, 
presumably attached to glutathione. Kuhnau 622) and Tsukano 1188) think of special 
sugar derivatives, e.g. phosphates, as donators. It has actually been shown by Meldrum 
and Tarb 779) that hexosephosphate plus pyridine-enzyme will reduce glutathione. 
The same holds for phosphohexonic acid and zymophosphate but not for phospho- 
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glyceric acid or hexoses. Probably C^-compounds are the active donators as in all ex- 
periments dealing with the pyridine-enzyme. How this ties np with the only well- 
established function of SH-glutathione, namely, to act as the coenzyme of ketonealde- 
hyde mntase (glyoxalase) in the transformation of methyl glyoxal to lactic acid (Lohmann 
731)) is not yet understood. The effect is related to the mechanism of the Pastbur- 
MBYERHOF-reaction by Bumm and Appel (155) and also to the breakdown of carbo- 
hydrates without participation of phosphoric acid radicles in certain cell types (p. 244). 
It is, of course, possible that a part of the "'sugar derivatives” is identical with ascorbic 
acid the behaviour of which towards glutathione is amenable to experimentation. It is 
claimed that ascorbic acid is partly responsible for the accumulation of glutathione in the 
SH-form (112, 1005)) and that it maintains the potential required for proteolysis (Purr 
940)). Conversely, SH-glutathione protects ascorbic acid against oxidation by air (164)), 
According to Hopkins 499) this is to be explained by complex formation between 
glutathione and catalytically active traces of copper. The protection against oxidation 
by plant extracts, on the other hand, is explained by the fact that the tripeptide is 
oxidized more readily by the oxidase than is ascorbic acid. The latter is therefore only 
attacked after all of the glutathione has been oxidized. However, Ppankuch 926) 
observed a rapid reduction of dehydroascorbic acid by cysteine in plant extracts. In 
the case of liver slices the ascorbic acid is protected against oxidation only if the glu- 
tathione is present in large excess. According to Barron 78) the same is true in the plant 
extract systems studied by Hopkins. 

Ascorbic acid retards the so-called autoxidation of cysteine (Holtz 494)) while, 
conversely, SH-groups inhibit the Cu catalysis of ascorbic acid. These observations favor 
the view that the two redox systems may enter an equilibrium reaction. Borsook and 
Jeffries 137) have actually claimed that SH-glutathione may reduce dehydroascorbic 
acid under physiological conditions. This had not been observed by Pfankuch 926) 
or Bbrsin et al. 102). The latter author, however, states that at ph 6.48 as well as 7.38 
SH-glutathione will prevent the "autoxidation” of ascorbic acid. In any event, mixtures 
of the two compounds are not susceptible to autoxidation. 

Still less is known concerning the dehydrogenation of glutathione by defined 
biological systems. The catalytic oxygen transfer is very small in the case of 11 dehy- 
drogenase systems tested (Ogston and Green 895)); the dehydrogenation and not the 
reduction is the limiting factor. But it has been shown, at last, that there exists in prin- 
ciple an oxygen transfer via glutathione (and cysteine). The sugar phosphate-pyridine 
enzyme system of Meldrum and Tarr 779) may utilize oxygen as the acceptor, though 
less efficiently than flavin or methylene blue (confirmed by Ogston and Green 
895)). The reoxidation of glutathione may be effected by a thermostable, cyanide sen- 
sitive metal system in the cell, probably identical with Pe-cysteine (Hopkins 498)). In 
kidney slices SH-glutathione is dehydrogenated by acetoacetic acid (Quastbl 950)), 
In model experiments glutathione (and also cysteine) will transfer oxygen also to lactic 
and ^-hydroxybutyric acid (Harrison 462)). The dehydrogenation of glutathione by 
alloxane is probably an unphysiological model reaction, just as the oxidation by dyes 
as investigated by Kendall and Nord 559). 

Though it is likely we do not know as yet whether the catalytic oxidation of glu- 
tathione in the living cell is accomplished by cytochrome. According to Bigwood and 
Thomas 118) purified cytochrome c is readily reduced by glutathione. Glutathione may 
transfer hydrogen to the hemin systems in this manner. It has to be borne in mind, 
however, that SS-glutathione could not be detected in tissues 112). Pirie 930) finds that 


QUINONB CATALYSES 


99 


SH-glutathione, after hydrolysis, cysteine, and also methionine are oxidked to sulfate 
by liver and kidney slices in vitro. Copper may play the role of a catalyst in this process. 
The reaction apparently does not proceed via the disulfide stage since cystine is not 
oxidized in this system. It is also possible, just as in the case of ascorbic acid, that 
SH-glutathione reduces some iron compounds in the cell, e.g. cytochrome, and that the 
hydrogen peroxide formed upon reoxidation to the SS-form attacks the disulfide in a 
peroxidatic reaction and causes the formation of irreversible end products. 

Little useful information has been forthcoming from experiments on the effect of 
glutathione when added to living cells. According to Eosbnthal and Voegtlin 1005) 
glutathione has no effect on the respiration of normal tissues and yeast. But SH-gluta- 
thione will decrease the glycolysis in muscle with glycogen as the substrate; in other 
tissues, where glucose is the substrate, the anaerobic glycolysis is decreased to the level 
of aerobic glycolysis. Geiger 389) considers the oxidation of glutathione as the primary 
process underlying the Pastbur-Meyerhop effect. Bumm and Appel 155), in the con- 
trary, observed no effect of SS-glutathione on the anaerobic glycolysis of tumors; they 
report a significant rise in the aerobic glycolysis, in other words an inhibition of the 
Pasteur reaction, by SH-glutathione. This observation is related to the “co-enzyme®* 
function of glutathione in the glyoxalase system (Lohmann 731)) which is assumed to 
dismntate the methylglyoxal formed in tumors by the ''phosphorus-free** schema of 
Bumm and thus to inhibit the resynthesis of glycogen. For details see Opfbnhbimer’s 
„S uPPLEMENT**, p. 1292. 

* 

other possible intermediary catalysts are methylglyoxal (Nbubbrg and 
Kobbl 885); Kisch 668)), phosphohexonic acid (Warbueg 1255)), acetoacetic acid 
(Quastel 612, 950)), oxaloacetic acid (Krebs (p. 274)), citric acid (Krebs and Johnsoh 
611 )), fumaric acid (Szent-Gyorgyi 1124, 1123); Quastel 945, 946); Boesook and 
Keighley 138); Wieland et al. 1304)), trimethylamine oxide (Aokbrmann 3)). The 
role of the C 4 -acids will be discussed in the chapter dealing with cell respiration (p. 268). 

Quinone Catalyses. 

The general mechanism of this group of processes is as follows: with the aid of a 
specific enzyme, the oxidized form of a reversible system, mostly a quinoid dye, dehy- 
drogenates a metabolite and is thereby transformed into the reduced form, the leuco dye. 
The latter is either truly autoxidizable and regenerates the oxidant by reaction with 
molecular oxygen or else the system contains a heavy metal forming an autoxidizable 
complex with the leuco compound. It does not matter for the purposes of the present 
discussion whether the metal renders the reoxidation passible or whether it merely speeds 
up the process to useful reaction rates. From the descriptive point of view we may divide 
the phenomena in this field in two categories, viz* the catalytic oxidative deamination 
of amino acids by quinones and the acceptor respiration proceeding with the aid of exoge- 
neous or endogeneous quinoid dyes. 

It has become almost a commonplace that these quinones may oxidize the reduced 
forms of such redox systems only which possess a more negative potential, thus yielding 
free energy upon reaction. The occasional neglect of this principle has caused some con- 
fusion, inasmuch as the effect of such "oxidizing” systems has occasionally been 
investigated with the aid of thermodynamically impossible donators. It has been attemp- 
ted, for instance, to dehydrogenate the strongly positive pyrocatechol by the much more 
negative methylene blue. 
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' Semiquinones as Intermediate Steps of Oxidation-Reduction Systems.*) 

Reversibly reducible organic dyes have a quinoid structure while the corresponding 
leuco-dyes have a benzenoid structure. The over-all change between the two forms 
involves a difference of two hydrogen atoms or two hydrogen equivalents (electrons). 
Until recently it was held that this bivalent change takes place in a single step: 

Dye + 2 H Leuco-dye. 

This assumption has now been shown to be erroneous. In a certain number of instances 
it has been demonstrated that this bivalent process actually occurs in two successive 
univalent steps involving a half-reduced (or half-oxidized) intermediate. This inter- 
mediate must be a molecule containing an unpaired electron and it must therefore have 
the character of an organic radical. In all instances where such an intermediate has 
been detected, the chromophoric group which is usually identical with the group under- 
going reversible reduction consists of two atoms of the same kind, e.g. 2 N-atoms in the 
phenazine group and 2 0-atoms in the quinones. Compounds like the thiazines, oxazines, 
or acridines, the chromophoric group of which consists of two different atoms, show no 
detectable intermediate formation. 

Let us consider, as an example, the oxidation-reduction of tetramethyl-p-phenylene 
diamine: 
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E == CHg; s is the oscillating electron. 

The intermediate form is a half-reduced and half-oxidized radical, a semiquinone 
in the terminology of Michablis. Its relative stability is explained by assuming that the 
formula shown is not statically rigid but that the radical has a free electric positive charge 
oscillating between the two symmetrical halves of the molecule, with the intermediation 
of the carbon skeleton. This state of affairs is known as a “resonance’’ phenomenon. The 
resonance energy is particularly large if the two atoms linked by the odd electron are 
identical. The greater the resonance energy involved the greater the stability of the 
radical which explains the observation of such semiquinoid forms only in the case of 
symmetrically built molecules. 

It is obvious that such a radical will show a tendency to change into the fully re- 
duced or fully oxidized form of the dye if a suitable acceptor or donator is provided. The 
facilitation of an oxidation or reduction process by the intermediate is therefore equi- 
valent to a catalytic effect if the system is compared with one incapable of semi- 
quinone formation. It is highly significant that in all instances of biologically 
occurring quinoid redox systems theexistance of a semiquinoid radical 
has either been directly demonstrated or else made probable by poten- 

*) This section is largely based on the recent review of the semiquinone problem by L. Michab- 
lis 805). 
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tio metric or optical methods. Iii order to name specific examples, semiqiiinone 
formation has been proven for pyocyanine, chlororaphin, and the flavin group. It has 
been made probable for the case of hallachrome, toxoflavin, and pyridine nucleotides. 
It is very suggestive, therefore, to assume that these biological redox systems exert their 
particular physiological function by virtue of their ability to form measurable amountB 
of semiquinone under the conditions of their natural environment. 

Intermediates appearing in the reduction of quinones, called quinhy drones or 
meriquinones, have been known for a long time. The best-known quinhy drone is 
that of benzoquinone because of its wide use for ph-determinations. Compounds of this 
type have usually been regarded as molecular addition compounds between the quinoid 
and benzenoid form of the redox system. This view was based on the belief that a free 
organic radical would be unstable or would readily polymerize like triphenyl methyl. 
The first one to question the formulation of the meriquinones as static or dynamic mole- 
cular compounds was Hantzsch 449). He suggested the possibility of a radical-like 
structure on the basis of spectroscopic observations made on the green, half-reduced 
form of N-methylphenazonium iodide. Quinhy drones in aqueous solution are usually 
in a measurable state of equilibrium with the quinoid and benzenoid forms. In other 
words, a pure, crystalline quinhy drone, upon being dissolved will suffer a dismut a tion, 
according to the schema: 

2 quinhy drones :<± 1 quinone + 1 hydroquinone. 

The position of this equilibrium may vary depending on the compound involved and 
on the ph. Because of this spontaneous dismutation it is practically impossible to pre- 
pare pure solutions of meriquinones. This renders difficult the application of the ordinary 
methods of determination of molecular weight to the solution of this problem. Although 
Wbitz et al. 1290) claimed to have obtained evidence for the radical nature of several 
meriquinones, e.g. dipyridilium complexes, by an ebullioscopio method, Michaelis 805) 
contests the validity of his technique and of his conclusions based on his results. Un- 
ambiguous evidence for the radical nature of these intermediates was offered for the 
first time independently by Friedhbim and Michaelis 376) and by Elbma 233) on the 
basis of potentiometric findings on pyocyanine. They observed that upon reductive 
titration of this bacterial pigment in weakly acid solution the color change is not from the 
red, acid quinoid form to the colorless benzenoid form, but that an intermediate green 
compound is formed. The titration curve shows two well separated steps. The green inter- 
mediate differs from the red oxidized and the colorless fully reduced form by one hy- 
drogen equivalent while the molecular size is the same. This finding does not permit of 
any other formulation of the intermediate than that of a free, cationic radical. 

Both Michaelis and Elema developed a mathematical theory on the subject. 
Furthermore, they reported on a number of other organic redox systems where semi- 
quinone formation may be demonstrated, 

Mathematica] Theory: If an organic redox system incapable of semiquinone 
formation is subjected to potentiometric titration, the midpoint of the titration 
curve is called the normal potential at the hydrogen ion concentration chosen. 
This potential, as already been explained (p. 50), is that of a mixture of equal 
amounts of the oxidized and reduced forms which differ by 2 hydrogen equi- 
valents from each other. The slope of the titration curve is, by definition, that of 
a two-electron system (n = 2). A measure of the slope is the index potential, i.e. 
the difference in millivolts between the mid-point of the curve (50% reduction or oxi- 
dation) and the point corresponding to 25 or to 75 % reduction. The index potential. 
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E|, for a two-electron system is 14 mV. For a one-electron system, e.g. an iron complex 
salt, it is 28 mV. If the reduction of the system under study occurs in two individual 
steps each involving one hydrogen equivalent, the mid-point of the titration curve is 
no longer the true normal potential, E^, but only of statistical significance. It is now 
called Eot or the “mean normal potential”. In equal distances from this point there are 
now located the mid-points or normal potentials of the two individual reaction steps; 
is the normal potential of the system formed by the fully reduced and the half-re- 
duced (semiquinoid) forms while Eg is that of 



an equimolecular mixture of the half -reduced 
and the fully oxidized forms. If there is no 
overlapping between the two individual steps, 
the slope of each "half-curve” corresponds to 
that of a one-electron system (Ej =s= 28 mV,), 
as shown in Pig, 1. 

Such a perfect separation, however, is only 
found under special conditions, namely in a 
ph-range where the stability of the particular 
semiquinone involved is high. In some instances 
this condition is met in the acid ph-range (e.g. 
Pyocyanine, flavins), in others complete sepa- 
ration of the two steps is only encountered in 
the alkaline ph-range (indigosulfonates (Shaf- 
fer), quinones). At other hydrogen ion con- 
centrations the two steps will be found to over- 
lap to a smaller or greater extent. Still further, 
the two curves relating and Eg to ph will 
intersect and from there on the relationship be- 
tween the two values is inverted. In other words, 
the normal potential of the semiquinone-fully 
reduced form-system is now somewhat more 
positive than that of the fully oxidized form- 
semiquinone system. This fact cannot be obser- 


Pig. 1. Potentiometrio oxidative titration 
curve of oc-hydroxyphenazine (Michabms 
805)). The leuco-dye was titrated with ben- 
zoquinone as oxidizing agent at ph 1.00. 
Abscissa: benzoquinone added; Ordinate: 


ved directly, i.e. by optical methods, although 
in some instances somewhat mixed colors have 
been noted. The proof for this anomalous state 
of affairs is based on potentiometrio evidence 


potential as referred to the hydrogen 
electrode. 


only, ie. on the value of the index potential in 
this range. Unfortunately, small differences in 


index potential correspond here to rather large 
differences in the position of and Eg, and the determination of the index potential 
is subject to certain experimental errors of an order of magnitude similar to that of 
the effects to be expected from the anomalous situation of the two normal potentials. 
In any event, it is important to note that this inverted relationship is encountered in 
the physiological ph-range. Its significance for biological oxidative catalysis will be 
discussed further below. 


It has already been mentioned that the semiquinoid form (S) may reversibly dis- 
mutate into equal amounts of the fully reduced (E) and fully oxidized (T) form: 2 S;6± 
E -f T. The equilibrium constant of this dismutation is 
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(B)-(T) 

(S)2 • 

The reciprocal value of this dismutation constant, K = -^, is called the formation 

constant of the semiquinone. The formation constant may be calculated with the aid 
of the experimentally determined index potential, Ej. Michaelis (cf. 805) has given a 
table permitting the interpolation of K for any degree of reduction of the dye (a). Later, 
Edema 235) developed the complete equation 

E = E„, • p hi (1_2«)2 4- 16« (1— a) 

where F = 1 Faraday or electrochemical equivalent, E = gas constant in the electrical 
system, and T = absolute Temperature (Kelvin). This equation yields 

ET 1 

Ei = — log - (Vk+ Vk + 1^ 


and 

Or, if 



BT* 


a = 10 


0.0601 



(Elbma 236)), 


It is also possible to determine K by direct graphical interpolation of the experimen* 
tal titration curve without using E| (Elema 236)). To this end, Elema uses the difference, 
D, (called S by Elema) between and the point of intersection of the tangent to the 
curve through this point with the ordinate. One obtaines thus D = BT/F (2 + VK) 
and, resolved for K and for 80^ : K = (76.63 D— 2)^. 

The formation constant, K, of a semiquinone may assume widely varying values 
for the same dye depending on the ph and the state of dissociation of the dye-salt. In 
the case of a dyestuff cation K will increase with decreasing ph -values, and it will increase 
with ph in the case of a dyestuff anion (see for instance Michaelis and Hill 815)). 
For the case K = 0, E^ becomes equal to Eg and also to E„,; the oxidation takes place 
in a single bivalent step. *) 

Becently, the theory has been further developed by Michaelis to cover the pheno- 
menon of dimerization of the semiquinoid radicals. Such a dimerization has long been 
known to occur with organic radicals of the type of triphenylmethyl and diphenylnitride. 
Michaelis and Fetcher 812) have been able to demonstrate the existence of this pheno- 
menon in the instance of a reversible redox system, namely, phenanthrenequinone-S-sul- 
fonate. There exists an equilibrium between the four forms of the dye: the oxidized, 
the reduced, and the two intermediate forms (monomer and dimer of the semiquinone). 
In accordance with this equilibrium the formation of the dimer is favored by increasing 
the total concentration of the dye. They could also show that not only the semiquinone 
formation constant but also that of the dimer and the dimerization constant depend on 
the hydrogen ion concentration. Michaelis and Schwarzenbach 824) have now also 


*) The values for individual systems have been compiled by W» Roman (Tab. Biol. 16, 110 
(1938)). 
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reexamined the case of riboflavin from this point of view. The technique consists mainly 
in carrying out potentiometric titrations at various absolute concentrations of the dye. 
Inasmuch as the dimerization is a bimolecular process it should be favored by an increase 
in eoncentration and vice versa. They find that at low concentrations, including the con- 
centration range occurring under physiological conditions, the intermediate form is en- 
tirely present as the monomer radical. In higher concentrations of the dye a partial 
dimerization of the radical takes place. 

Michaelis et al. 811, 818) were able, furthermore, to confirm the potentiometric 
results obtained with phenanthrenequinone-3-sulfonate by measurements of the changes 
of the magnetic susceptibility in the course of the reduction of the dye. 

Perhaps the most complex relationships so far encountered in reversible redox 
systems are those obtaining in the pentacyano-aquo-ferriate and -ferroate system. 
Michaelis and Smyths 827) interpret their potentiometric results by assuming that 
each of the two iron complexes is present in solution as a quadrimoleciilar aggregate. 
Between the ferri and the ferro form there exist three intermediate forms in which a 
part of the four Fe atoms is in the ferri and the rest in the ferro state. The m'olecular 
aggregation is tentatively explained on the basis of hydrogen bonds between the coor- 
dinatively bound water molecules of the complexes leading to an eight-membered ring. 
It is quite possible that these results may some day acquire considerable biological im- 
portance in the event that it should be possible to discover such partly reduced and partly 
oxidized intermediates in the case of hemin proteins. There are four hemin groups con- 
tained in one molecule of hemoglobin and it is not impossible that there exist intermediate 
stages between the fully reduced ferrohemoglobin and the fully oxidized ferrihemo- 
globin (methemoglobin) which would be formally analogous to the intermediates in the 
pentacyano-aquo-iron system. In this connection it might be mentioned that it has so 
far not been possible to secure evidence for the existence of partly oxygenated and 
partly reduced hemoglobin intermediates (Oonant, Eoughton). 

Significance of Two-step Oxidation for the Oxido-Reductive Catalysis. 

Let us quote from a recent lecture of Michaelis 805) on the semiquinone problem; 
‘"Were it not for the existence of intermediate radicals, we might say that oxidations in 
organic chemistry are of necessity always bivalent. Whenever this bivalent oxidation 
can be brought about by two successive univalent oxidations, then the kinetics of such 
a reaction will be greatly enhanced. The thermodynamic possibility of the univalent oxida- 
tion, and the existence of the radical as an intermediate step of the complete bivalent 
oxidation, will depend on the dismutation constant. If this constant is very large, it 
is equivalent to saying: The formation of the radical involves a very high step in energy. 
Only if, due to resonance, the formation of the radical requires relatively little energy, 
will the bivalent oxidation run smoothly. The reason why the oxidation of organic com- 
pounds is frequently very sluggish, even when an oxidant of thermodynamically suffi- 
cient oxidative power is applied, is that the oxidation has probably, as a rule, to go 
through two univalent steps; and to go through the intermediate step means, in general, 
climbing over a large energy hill, except in those cases described above in which the semi- 
quinone formation constant is relatively large. It is the task of all catalysts and enzymes 
concerned with oxidation-reduction processes to ease the climb over this energy hill, 
or to convert the substance to be oxidized into some form, or into some compound, in 
which the intermediate radical will have a stronger resonance and so a greater stability 
than it has in its original form,'' 
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Oxidative Deamination of Amino Acids by Quinones. 

Amino acids are oxidatively deaminated by strong acceptors of the type of beiizo» 
quinone; the first step consists in the transformation of the amino acid into Ih© 


corresponding imino acid E'C 


\ 


NH 

COOH 


This dehydrogenation reaction proceeds in 


the absence of any enzyme as a homogeneous reaction (see also Eapbr and Puoh958)), 
Naturally occurring quinoid substances, e.g. chlorogenic acid, are also able to deaminate 
amino acids. Eeactions of this kind play probably an important role in plant fluids where 
there exists always an opportunity for the formation of quinones by the reaction of poly- 
phenols with oxidases. In the animal cell, too, they may occur with a dreno chrome, 
the quinone of epinephrine. This process differs from the action of the specific dehydro- 
genases with regard to its kinetics and specificity. While, for instance, the efficiency of 
the quinones decreases with an increasing length of the carbon atom chain in the amino 
acid that of the dehydrogenases will increase (Kisoh 571)). 

The reaction has been systematically studied by Kisch 673). He succeeded in chan- 
ging it from a stoichiometric process into a complete catalysis by making provision for 
a subsequent dehydrogenation of the reduced form of the quinone by Og- The 
problem of the catalytic dehydrogenation of amino acids in the typical form of primary 
attack of the amino group has always presented difficulties. The reaction occurs readily 
with some acceptors (alloxan, isatin, quinone, iron on charcoal) while methylene blue 
cannot be utilized; this holds for palladium as well as for muscle enzymes as catalysts. 
On the other hand, bacterical enzymes are stated to utilize methylene blue as acceptor 
for the attack on amino acids (Bernheim et ai 99)). In the dehydrogenation of amino 
acids by isatin (Lanobnbeok 700, 696)) methylene blue may act as acceptor in an indirect 
manner, i.e. by oxidizing the reduced form of the catalyst (isatyd). It is likely that there 
exist certain structural chemical requirements with respect to the acceptor, probably 
the existence of a — 0=0 grouping (Franke (288), pp, 154, 172)). If this is provided the 
reaction will proceed without any special catalyst if there is an opportunity for the 
reoxidation of the reduced form of the quinone. Dehydrogenation by biologically oc- 
curring quinones has been demonstrated for chlorogenic acid by Oparin 901) and for 
epinephrine simultaneously by Edlbacher 226) and Blix 127). Epinephrine represents, 
according to Kendall and Witzemann 560) and Ball and Chen 60), a reversible redox 
system consisting probably of the o-diphenol and the o-quinone form: 


OH 


OH 


CHOH'CHs-NH'CH^ 


0 


\ 


0 


CHOH-OH^-NH-CB^ 


It is, of course, possible that there exists a semiquinoid intermediate. The autoxidation 
of the reduced form is catalyzed by metals and, in that event, will proceed to an irrever- 
sible stage by a peroxidatic reaction. The primary oxidation product of epinephrine is 
quite unstable; its life time is less than a second (Ball and Chen 60)). The equilibrium 
reaction could therefore be measured only by a modification of the flow-method of 
Hartridgb and Eoughton where the reaction mixture of the diphenol and the oxidant 
after rapid mixing passes a number of electrodes. From the potential gradient established 
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at these electrodes during steady flow it is possible to extrapolate back to zero time and 
thus to determine not only the normal potential but also the half life time of the oxidized 
form. , 

The following table contains some of the results obtained in this way: 


TABLE 5. 

Normal Potentials and Half Life Times of the Oxidants of 
Epinephrine and Belated Compounds: (Acc. to Ball and Chen ( 60 )). 


Structure and Name of Eeductant 

Normal Potential 
Eq' at ph 7.66 
(30° C) 

Half Life of 
Oxidant at 
ph 7.66 (30°) 

HO 

Volts 

Seconds 

HO<( Catechol 

+ 0.833 

9.0 

E— CH^-CH-NHa-COOH, Dihydroxyphenyl- 



alanine 

+ 0.326 

0.14 

B— CHa-CHa-NH-CHg, Epinine ....... 

+ 0.306 

0.05 

E— CHOH-CHa-NH-CHs, Epinephrine. . . . 

+ 0.345 

0.06 


E = 3,4-dihydroxyphenyI. 


Originally Edlbachee could find an aerobic oxidation by adrenaline only in the 
case of glycine. He and Blix observed the activity of other polyphenols in this reaction, 
among them of pyrocatechol and homogentisinic acid. While adrenaline acts best in 
acid solution the other polyphenols will react only in alkaline solution with an optimum 
at ph 10. Blix found that not only glycine but also alanine, leucine, and valine are at- 
tacked; in the latter case acetaldehyde was shown to be one end product. Glycine is also 
dehydrogenated by adrenalone (aminoaeetyl pyrocatechol) with the intermediate for- 
mation of glyoxylic acid (Barrenschbbn and Danzer 73)), In accordance with these 
fads it has been observed that amino acids (like cysteine) and ascorbic acid act as stabili- 
zers for adrenaline (Wiltshire 1339); Merrit- Welch 780)): The oxidation of the hor- 
mone is retarded in the tissues because it is kept mainly in the reduced form. However, 
it is ultimately slowly oxidized by the iron systems of the cell to yield irreversibly dark 
pigments with an oxygen content much above that of the quinoid form (see for example 
Meibowsky 776)). : 

The extensive studies of Kisch and his associates (674)) seem to indicate that 
adrenaline itself is not the active catalyst but rather its mother substance ("'cata- 
lysagen”). The true catalyst appears to be the fully quinoid form (^‘omega substance*’ 
of Kisch, ad reno chrome of Green and Eichter) which in the course of the reac- 
tion with the substrate is not reduced in a bivalent manner to adrenaline, the fully 
reduced stage, but by a univalent reduction to a semiquinoid form. For details v. 
Oppbnheimbr, Supplement, p. 1623. 

The catalytic deamination of amino acids by quinones is possible not only with 
molecular oxygen as the acceptor but also under anaerobic conditions with suitable 
acceptors like m- dinitrobenzene and nitro-anthraquinone; methylene blue is, of course, 
unsuitable because of the position of its normal potential. The reaction yields up to 85 
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per cent of the theoretical yield of ammonia and shows a certain degree of specificity* 
While glycine, serine and cystine are attacked, alanine is not. With dipeptides as the 
substrate only the free amino group is split off. There is also a dependence of spe- 
cificity on the hydrogen ion concentration: between ph 8 and 9 hydroxyhydroquinone 
decomposes specifically gtycyltyrosine while at ph 11 only glycine is deaminated. 
In general, between ph 7 and 8 the dipeptides are more rapidly attacked than their com- 
ponent amino acids. Only in the case of simple amino acids and in the presence of Og 
is deamination accompanied by decarboxylation. The different quinones exhibit varying 
degrees of activity. The most active is the quinone of hydroxyhydroquinone while that 
of pyrogallol is completely inactive; carboxyl groups in the catalyst molecule, e.g. that 
in protocatechu acid, exert an inhibitor effect. Thus, not only the value of the normal 
potential but also chemical structural effects determine the efficiency of the catalyst. 
This is particularly borne out by the action of metal salts on these catalysts which vary 
with the quinone tested and also with the buffer used (Schuwirth 1038)). These activa- 
tors are effective only when oxygen serves as the acceptor. 

In the well-known Strbcker Eeact ion primary amines, notably amino acids, are 
oxidized by alloxan. The problem of the reversibility of the latter as a redox system 
has been investigated by Eichardson and Cannan 979a) and more recently by E. S, 
Hill 484). The reduced form of the system is dialuric acid. The normal potential at ph 7 
is approximately + 0.06 volt; this value is extrapolated from the value actually measured 
in 10 alloxantin solutions at ph below 6 since the system is unstable above ph 6. 
Upon adding small amounts of ferrous salts the potential is stabilized due to complex 
formation (Hill and Michaelis 484a)). Dialuric acid is autoxidizable with a rate maxi- 
mum at pb 7. Inasmuch as HCN does not inhibit the oxidation at this ph, a true 
autoxidation is indicated; in acid solution, however, the process is an iron catalysis* 
The alloxan formed in this reaction will dehydrogenate various amino acids to a small 
extent (yield less than 5 per cent). 

With respect to a different, hypothetical formulation of the reaction with an inter- 
mediary coupling between the NHg-group and alloxan to yield uramil which in turn will 
again react with alloxan, 


CO— NH CO— NH CO-NH 

I i I I _ I I 

CO CO CHOH CO ±> CO C-NH^ 

io— NH CO NH CO— N^H 

Alloxan Dialuric acid Uramil 

the review by Feanke (288), p. 178) should be consulted. Alloxan will also dehydro- 
genate thiols (Labes 688)). 

In the course of the catalytic oxidation of amino acids by isatin there is formed 
as a probably autoxidizable reductant isatyd: 


. \/ 
\/NH 

Isatin 


-CO 

Ao 
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OH 


HO. 
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Acceptor Respiration. 

The folIo*wmg section co¥ers mainly model systems without a fall consideration 
of biological correlations. In describing these models it makes no difference whether the 
redox systems tried actnally participate in the physiological mechanism of cell respira- 
tion or whether the entire process is independent of the presense of metals. According 
to Barron et al. 775) the catalytic efficiency of the various dyes will depend (1) on the 
rate with which the dye is reduced by the cell and (2) on the rate with which it is 
reoxidized by air. These two properties are, other conditions being equal, a function of 
the redox potential of the dye (p. 90). It need not be mentioned that a dye, in order to 
affect intact cells, must be able to permeate. 

Eespiration, evoked by synthetic dyes: When Meyerhof 784a) discovered 
the phenomenon of '^methylene blue respiration”, i.e. the oxygen uptake by dead 
bacteria and acetone dried yeast cells upon the addition of methylene blue, hopes ran 
high that this discovery would lead to new and deeper insight into the mechanism of 
cell respiration. In the retrospective we have to admit that these hopes have been realized 
to only a small extent. The reason is that these model reactions are frequently too far 
removed from physiological conditions and that most of the acceptors employed show 
a more or less pronounced toxicity which tends to cloud the issue. The most important 
conclusion is that the artificial acceptor respiration will not become appreciably manifest 
in the presence of a fully active terminal respiratory system; this has been established 
particularly by Barron and Harrop73, 74, 82, 86) who studied the acceptor respiration 
in non-respiring or weakly respiring cells showing an aerobic glycolysis. The results ob- 
tained with enucleated erythrocytes are ambiguous because the addition of the dye will 
produce the additional phenomenon of methemoglobin catalysis. The observations 
made with echinoderm eggs, tumor cells, and other cells with an aerobic glycolysis, e.g. 
retina, are more readily interpreted. 

The effect of methylene blue on the small respiration of anaerobic lactic acid 
bacteria has been studied by Bbrtho 108). 

One would expect to observe an acceptor respiration of fully respiring cells only 
if the respiratory ferment is poisoned by HCN. Inasmuch as the terminal respiratory 
system in such cells, under normal circumstances, is capable of oxidizing practically any 
amount of metabolic hydrogen, the acceptor respiration should find no place since no 
acceptor can efficiently compete with the respiratory ferment. But, contrary to expecta- 
tion, acceptor respiration has also been found in normally respiring cells. This may per- 
haps find its explanation by two special mechanisms. On the one hand the dye may 
react directly with hemin systems in the ceil, even with the respiratory ferment; it may 
keep the hemin enzyme in the oxidized form just as methylene blue will produce methe- 
moglobin from hemoglobin. Or the dyes may affect the rate of some of the anaerobic 
stages of cell metabolism in such a manner that more metabolic hydrogen is placed at 
the disposal of the terminal oxidation system. Both mechanisms may thus cause an in- 
crease in over-all respiration. 

As donators for this type of respiration the same metabolites are utilized as for 
normal respiration, i.e, sugar decomposition products. Sugars themselves are not attacked 
(Barron) unless phosphopyi'idine nucleotide (co-dehydrogenase) is added; the process 
is accompanied by an esterification of inorganic phosphate, at least in the case of hemo- 
lyzed erythrocytes (Runnstrom 1013), see also 1014)). This helps one to understand 
why the action of the dyes runs about parallel to the intensity of the anaerobic meta- 
bolism of the cells studied (Barron). Another factor determining the effectiveness of the 
dye is its redox potential. 
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The methylene blue respiration of cyanide poisoned tissues has been examined by 
Torres 1184) in Meyerhof’s laboratory. She found increases in respiration with liver 
and spleen of 200 to 400 per cent, with kidney of 100 to 150 per cent. Tissues poisoned 
by CO behave like those treated wuth CN' (776)). Embryonic tissue, however, gave 
different results (Bodinb 132)). The '^acceptor specificity” found by L. Stern 1100) 
and Flbischmann 348) in the ease of cyanide poisoned tissue as expressed by the dif- 
ferent effect of dyes on the oxygen uptake is partly to be explained by the level of the 
normal redox potential and partly by toxic effects on the dehydrogenases. With succinic 
acid as donator there was no difference between methylene blue, janus green, cresyl blue, 
or neutral red. Thionine caused an increase of only 40- to 50 per cent as compared with 
the dyes just mentioned. 

In erythrocytes the respiration, evoked by dyes, is frequently linked up wdth the 
formation of the catalytically active, intracellular redox system hemoglobin±>:methemo- 
globin (p. 82). In other words, the dye will not only transfer oxygen to the dehydroge- 
nases but it will also, if sufficiently positive, oxidize some hemoglobin to methemoglobin. 
In the presence of the dye the reduced hemoglobin wiilregenerate methemoglobin upon 
reoxidation by Og instead of oxyhemoglobin. Whether acceptor respiration in red cells 
proceeds directly or with the participation of methemoglobin as a secondary oxidant 
of the metabolites depends essentially on the potential of the dye (Michaelis and 
Salomon 819)); with respect to the same dye, e.g. methylene blue, the relative concen- 
trations will determine the extent to which the two mechanisms operate (W^arburg). 
It is interesting to note that dyestuffs of a potential more negative than that of indigo 
disulfonate are without effect on respiration though they are still able to form some 
methemoglobin. Free flavins have a potential which is too negative to be effective here 
(1214, 1215)). All indicators with a positive potential will stimulate red cell respiration 
provided they are able to permeate and that they are not toxic. Methemoglobin pro- 
duction is not a necessary corrolary of this phenomenon. Nile blue and cresyl blue are 
stated to stimulate respiration without forming methemoglobin (775)). Another exception 
is lawson, a naturally occurring pigment of the naphthoquinone type: it has a relatively 
negative potential, forms no methemoglobin, but it stimulates red cell oxygen uptake 
(Friedheim 368, 373)). Pyocyanine, on the other hand, has been shown to form 
moglobin when brought in contact with erythrocytes (Stern 1077a)). In cells free M 
hemoglobin no other heme compounds appear to act as intermediary catalysts since 
their acceptor respiration is fully cyanide-resistant (Barron and Hamburger 81)), 

The respiration of tumor tissue is also increased by methylene blue, appreciably 
without KCN but much more strongly in presence of KCN (Barron), where the main 
respiration is almost completely suppressed. However, the relationship between dyes, 
glycolysis and respiration is still quite obscure (Elliott). Almost every dye seems to act 
differently; according to Dickens 203), methylene blue increases both respiration and 
aerobic glycolysis while the latter is decreased by toluylene blue and pyocyanine. The 
effect of dyes on the respiration of tumors depends on their redox potential. Thionine 
and brillant cresylblue have the strongest effect. When glucose is added it is oxidised. 
In the case of retina which, like tumor tissue, will show an aerobic glycolysis, Fleisch- 
mann and Kann 349) find a respiratory increase up to 150 % in the absence and more 
than 1000 % in the presence of CN'. In sea-urchin eggs not only respiration but also 
anaerobic and aerobic glycolysis are stimulated by suitable dyes (477)). 

Attempts to elicit an additional acceptor respiration in normally respiring 
cells have been partly successful; however, they are difficult to interpret. The fact that 
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the extent of this accessory respiration depends, among other things, on the redox poten- 
tial of the dye added may be taken to suggest an interaction between dye and respira- 
tory enzyme. In any event, the toxicity of most dyes becomes a disturbing factor already 
in the range of low concentrations; it dominates the picture if high concentrations of 
dyes are used. ■ . 

In a concentration of 10 M. which is to be considered a high concentration for an 
indicator dye and which is often close to its solubility limit, the dyes will inhibit tissue 
respiration in most instances; in the case of liver and tumor slices and in the presence of 
glucose a stimulation of respiration is observed (Elliott and Baker 245)). 

A number of dyes will increase the anaerobic and aerobic glycolysis (395, 202, 203)). 
The latter phenomenon represents an inhibition of the Pasteur effect, i.e. of the check 
exerted on fermentation by oxygen (or by the respiration). In other instances, e.g. with 
pyocyanin, respiration is stimulated and glycolysis is decreased (Priedhbim 372), 
Dickens 203)); for details see Oppbnhbimeb’s ''Supplement’' p. 1292. 

The following details may be of interest: upon vital staining of the vacuoles of algae 
the rate of respiration is increased; the effect is more pronounced with methylene blue 
than with neutral red which has a more negative potential (Genbvois 391)). Similar 
observations were made with Elodea (Albach 17 )). Bakers yeast which has a strong 
normal respiration (Q 02 == about 200 cmm. oxygen per mg. dry weight per hour) reacts 
differently: at acid ph there is only a small initial increase upon adding neutral red, 
falling below the normal level after about one hour; at ph above 7 the rate of oxygen 
uptake is diminished from the beginning (Gbiger-Hubbr 390)). On the other hand, 
p-phenylene diamine (Harrison 456)) and minute concentrations of quinone (Sokolopf 
1063)) were found to enhance the respiration of bakers yeast. In Sarcina lutea methy- 
lene blue causes at first a strong increase and later a decrease in respiration (Gerard 
396)). When methylene blue (8 •10"'® M.) is added to locust embryos (Melanoplus) during 
the normal diapause which is characterized by a strong decline of respiration, the normal 
respiratory level is restored; the same holds for cyanide poisoned embryos. Carbon mo- 
noxide inhibits the acceptor respiration both when added during normal development 
or during the diapause. Strong light reverses the inhibition, thus indicating that an iron 
system takes part in the acceptor respiration (Bodinb and Bobll 132)). 

The respiration of muscle is stimulated by methylene blue (U. S. v. Euler 326)). 
.According to Dickens 203) thionine and brillant cresyl blue raise the rate of oxygen 
uptake of rat kidney and brain up to 90 per cent. A number of dyes are known to increase 
the respiration of normal rat tissues ( 471 )); the subsequent decrease suggests that the 
dyes are somewhat toxic and that the process does not represent a pure acceptor respira- 
tion. The same conclusion is to be drawn from the experiments of Axmachee 48); in 
certain instances he did not observe a stimulation in presence of ON'. Lactoflavin has 
been reported to increase the respiration and to decrease the aerobic glycolysis of con- 
nective tissue cultures (Laser 705 )); the whole flavoprotein (yellow enzyme) showed no 
effect either because of its more positive redox potential or to its inability to penetrate 
into the cells (Mol. Wt. 80,000). If liver tissue is carefully freed from the flavin system 
by washing, pyrrol will act as accessory respiratory catalyst like methylene blue; lactate is 
a suitable donator (Bernheim 100 )). It is suggested that a red pigment, present in liver, 
which is not identical with hemoglobin, is required for the catalysis. 

In his experiments on the mechanism of the Pasteur effect Lipmann 606) added 
redox dyes to cell-free yeast extracts. He observed an acceptor respiration with and 
without an inhibition of fermentation. Dyes with a positive redox potential will inhibit 
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EOt only yeast fermentation but also the glycolysis in muscle extracts (717)). Pyocyanine, 
though of a slightly more negative potential than methylene blue, shows a stronger effect 
(712)). These experiments have been repeated and extended by Michaelis and Smythe 
826). These authors employed a far greater series of dyes than Lipmann. They conclude 
that neither the potential of the indicator nor the potential measured in fermentation 
systems determines the degree of inhibition of fermentation. The dyes studied by these 
investigators fall in three groups with regard to their effects: The first group causes the 
yeast extracts to respire without a decrease in the fermentative activity (Gallocyaninej 
phenosafranine, neutral red) ; the second group inhibits fermentation by destroying certain 
enzymes, particularly carboxylase (methylene blue, pyocyanine, and others); the third 
group, finally, inhibits fermentation by suppressing the formation of the first degra- 
dation products of the sugar as evidenced by the fact that only addition of hexose diphos- 
phate is able to revive the fermentation. The acceptor respiration caused by the dyes 
runs somewhat parallel to their normal potential whether or not the fermentation is 
affected. It is concluded that respiration and fermentation are uncorrelated processes 
under these conditions, in contrast to the observations of Bakron made with intact cells. 

A special role as ‘"respiratory catalyst” has been played by p-phenylenedia- 
mine; it is dehydrogenated by “activated” oxygen to the quinone diamine which may 
be detected by condensation with naphthol (Na-di reagent). Battblli and L. Stern 
and later Szent-Gtorgyi employed it extensively as a reagent for “main respiration” via 
an “oxydone”. Building on the ideas of Palladin, Szbnt-Gyorgyi revived the concept 
of the “respiratory pigments” and attributed to p-phenylene diamine the function of an 
intermediary catalyst. The original experiment of SzENT-GvoRGYi 609) consisted in the 
demonstration that washed muscle will oxidize the diamine and that the addition of 
succinic acid or lactic acid, under anaerobic conditions, will hydrogenate the diamine for- 
med. In the case of lactic acid the system is supplemented by cytoflav, a yellow pigment 
described by Szent-Gvorgyi in his reports on the purification of the co-enzyme of lactic 
acid dehydrogenation from heart muscle (1125)), Cytoflav is now known to represent 
riboflavin phosphoric acid ester. Since these early experiments the relationships existing 
under these circumstances have been partly clarified. Today we know that the so-called 
indophenol oxidase which appeared to be specific for diamine oxidation is 
identical with the respiratory ferment of Warburg and with the cytochrome oxidase ’ 
of Keilin. In other words, the catalysis caused by p-phenylenediamine in respiring cells ' 
proceeds via the respiratory ferment; the process is cyanide-sensitive (609a)). A compli- " 
eating factor arises out of the observation that the Na-di reaction is also exhibited by 
very simple metal systems (Wertheimer 1296), Wibland 1312)). This makes it possible 
to construct models without the respiratory enzyme. Harrison 456) has done so by 
adding H 2 O 2 + peroxidase to the Schardingeb enzyme + p-phenylenediamine. In his 
experiments with yeast, however, and in those with other cells p-phenylenediamine acted 
undoubtedly as go-between by transferring hydrogen from dehydrogenase-substrate 
systems to the respiratory ferment. This explains why Eunnstrom 1011) and Orstbom 
893) found this accessory respiration in fertilized and unfertilized sea-urchin eggs to be 
just as sensitive against ON' and CO as has been observed by Warburg in normally 
respiring yeast cells; the same holds for the eggs of Melanoflus (134)). 

Nitro Respiration: Not only quinoid dyes but also certain organic nitrocom- 
pounds are capable of causing an increase in cell respiration which may or may not be 
due to their functioning as reversible redox systems. The fact that all of these substances 
are appreciably toxic even in the low concentrations employed for respiration experi- 
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ments makes it more difficult than in the case of quinones to ascertain where acceptor 
respiration ceases and where an oxygen uptake due to a disturbance of the physiological 
relationships by the toxicity of the acceptor begins. 

We shall refrain from discussing here the early experiments by Lifsghitz with 
o-dinitrobenzene or his later ones with nitroanthraquinone. The irreversible hydrogena- 
tion of these nitro compounds by cel) constituents bears no relation to an acceptor cata- 
lysis; it may at best serve as an arbitrary measure of the entire donator-dehydrogenase 
system of the cell. In the case of o- dinitrobenzene, o-nitrophenylhydroxylamine is formed 
by the reduction. The latter has recently been prepared in pure state by Kuhn and 
Weygani) 687). 

The question of the reversibility of certain dinitro phenols, on the other hand, is still 
open. Of those the action of which has been studied in some detail, we mention dinitro 
a-naphthol, 1,2,4-dinitrophenol (Thermol), and 2,4-dinitro-o-crGSoL Magnb et al, 
746) found that 1, 2, 4-dinitrophenol causes an enormous increase in the rate of oxidations 
and hyperthermy in warm-blooded animals. The same effect is found with plant tissues 
and moulds, to a lesser degree with yeast (Plantepol 932)). Working with dinitro 
a-naphthol in concentrations of about 10 M., U. S. v. Euler 326) observed an increase 

in respiration of normal muscle tissue of about 100 per cent; higher concentrations of 
the reagent will inhibit respiration. Similar findings with various tissues, particularly 
after adding donators, have been reported by Alwall 21). The effect disappears slowly. 
The residual respiration of cyanide- or bromoacetic acid- poisoned muscle is likewise 
increased by the nitro compound, provided that donators are also added. The stimulation 
by low concentrations and the inhibition by slightly higher concentrations appears to 
be a general feature of the dinitro derivatives. It has been observed in the case of 4,6-di- 
nitro-o-cresol and of 2, 4-dinitrophenol in experiments with yeast (Field 334)). With 
rat liver and kidney tissue, the optimum concentration of 2,4-dmitrophenol is 10~’^; a con- 
centration of 2.10'“’^ M. will already inhibit (McCord 668)). With yeast, the most effective 
reagent was found to be l-hydroxy-2-cyclopentyI-4,6-dinitrobenzone (447). 

Dinitrophenol will not only increase the respiration but also the glycolysis, both the 
anaerobic glycolysis of normal tissues (Ehrenpest 230)) and the aerobic glycolysis of 
.tumor cells (245)); the decrease in respiration in the latter indicates an inhibition of the 
Pasteur effect by the reagent. It would appear that the main effect of these compounds 
consists in a stimulation of anaerobic sugar breakdown; this is also true for 
alcoholic yeast fermentation (Krahl and Clowes 691)). In the light of this hypothesis the 
respiratory increase would merely represent an additional combustion of lactic acid as is also 
assumed for other dyes. Dodds and Greville218) have found an increase in respiration 
of normal rat tissues, including kidney which is one of the tissues devoid of aerobic 
glycolysis and hence not responsive to methylene blue catalysis (Barron). In the case of 
tumor tissue dinitrophenol stimulates respiration as well as glycolysis (219)). Here, as 
in frog muscle (1002)), the increase in lactic acid production dominates the picture. 
Muntwyler 844) was unable to find an increase of oxygen uptake with rat kidney, but 
he did find it when working with rat liver and frog kidney. Extensive investigations on 
the effect of dinitro compounds on yeasts have been carried out by Field et al. 334, 332,) 
Genbvois 392), and Creac’h 189). 

The question of the reversibility of dinitrophenols as oxidation-reduction systems 
has been studied by Greville and Stern 421 ). The product of reduction of dinitrophenol 
by tissues is 4-nitro-2-aminophenoL This represents a difference of 6 hydrogen equi- 
valents from the dinitro stage. Obviously, then, this compound cannot be the reductant 
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of a reversible system the oxidant of which is the dinitro compound. The reduced forms 
of all reversible systems differ either in one or at most two H-equivalents or electrons 
from the oxidant. However, attempts to demonstrate the existence of a reversible inter- 
mediate stage met with no success. The potential at which dinitrocresol begins to be 
reduced is in the neighborhood of — 0.200 V., i.e. in the range of the anaerobic reduction 
potential of many living cells, e.g. liver. It was possible to reduce dinitroplienol 
by certain dehydrogenases and their substrates. While xanthine dehydrogenase plus 
hypoxanthine will reduce the dinitro compound directly, formic and lactic dehydro- 
genase will do so only in the presence of a suitable redox indicator. It could be shown 
that the mechanism here was an indirect one: first, the dye is reduced by the enzyme- 
substrate system to the leuco dye; subsequently, the leuco dye reduces the dinitropheiioL 
This is another case where a coupling link is required for the interaction of two systems 
which is thermodynamically possible but which does not take place spontaneously 
due to a ‘Tack in chemical affinity”. The dye may be looked upon as a carrier or as a 
catalyst. In any event, it is the ease with which electrons are transferred by the two 
forms of the indicator, its electroactivity, which enable it to play the role of mediator 
between the two sluggish reactants. 

Cyanide poisoning of respiration prevents the dinitrophenols from exerting their 
effect on the oxygen uptake (333, 690, 133, 634a, 636a)). The same holds for CO (133)) 
and malonate (419)) inhibition of respiration. Malonate, on the other hand, does not 
interfere with the true acceptor respiration via brilliant cresyl blue (419)). 

Taken all together, it is not very probable that the phenomenon of dinitro respiration 
represents a true acceptor respiration. Besides the failure to demonstrate reversibility 
of these compounds in vitro, the main argument is that brought forward by Ds Meio 
and Barron 774), namely, the inability of these compounds to produce oxygen uptake 
in cyanide poisoned cells. It might be argued however that the reductant formed by the 
cell may not be autoxidizable and that cyanide inhibits its reoxidation. A number of 
hypotheses have been offered in an attempt to explain the action of dinitrophenols. 
None of them appears convincing or even sufficiently plausible to merit a detailed dis- 
cussion at the present time. We refer the reader to the publications by Krahl and 
Clowes 590, Handovsky et al. 447), Ddcon and Holmes 807), and De Meio and Bar- 
eon 774). Any theory of the mechanism of the phenomenon will have to take into consi- 
deration the findings of Clowes and Krahl 174) concerning the block of cell division 
in sea-urchin eggs accompanying the stimulation of respiration and also their obser- 
vations on the effect of halogen phenols. The fact that the latter affect living cell in a 
manner very similar to that of nitrophenols is an indication that the “nitro respiration” 
is not an acceptor respiration but rather a “pharmacological” effect on the regulatory 
mechanism of cell respiration; v. a. Oppenheimer, SuppL p. 1144. 

Natural Pigments *): One of the most important natural pigments is undoub- 
tedly riboflavin (lactoflavin, p. 184). In the cell it is present mainly in bound form, 
i.e. as the riboflavin phosphoric acid ester-proteid (yellow enzyme). This is not only 
indicated by the inability of the pigment to pass cellophane or collodion membranes 
when ground liver tissue is subjected to dialysis at low temperature (Stern (unpublis- 
hed)), but also by the shift of the long-wave absorption band of the pigment from 440 
to about 460 millimicrons when intact lactic acid bacteria are examined (Warburg and 
Christian 1344)), It has already been mentioned that the free riboflavin has a relatively 


♦) See also Prei (358)). 
Oppenheimer-Stern, Biological Oxidation. 
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negative redox potential (E^' — 0.2 V. at ph 7) and that its conpling with the bearer 
protein raises the potential close to that of methylene bine — 0.07 at ph 7) (p. 195), 
We are faced with the situation that addition of the alloxazine proteid to media containing 
intact cells is likely to be ineffective due to its inability to penetrate (Mol. wt. 80,000 
(553)) while the addition of the free riboflavin is to be considered as unphysiological unless 
there is an opportunity for thedye to find its bearer protein in the cell under experimenta- 
tion. It is not surprising, therefore, that free riboflavin does not stimulate the respiration 
of enucleated red cells: its potential is too negative to make it suitable as an acceptor 
or to cause methemoglobin formation (1214)). In the case of connective tissue cultures, 
Laser 705) observed an increase of respiration and a decrease of the aerobic glycolysis; 
the whole yellow enzyme was ineffective. Flavin increases the respiration of normally 
anaerobic lactic acid bacteria (6)). 

The respiration of yeast extracts is increased by non-phosphorylated flavins to only 
a small extent; the effect does not run parallel to the redox potential. Eiboflavin has a 
very small effect, methyl and gluco-alloxazine have a more pronounced action (Michablis 
et al. 822)). It has been demonstrated by Euler and Adler (5a)) that riboflavin is 
a necessary component of several dehydrogenase systems. However, it is unable, except 
in the case of malico dehydrogenase, to effect the reaction of isolated dehydrogenase 
systems with molecular oxygen (895)). Furthermore, riboflavin is unsuitable as a coupling 
link between two dehydrogenase systems in contrast to pyocyanine which may be reduced 
by the more negative system and reoxidized by the positive system (895)). 

One of the most thoroughly studied natural pigments is pyocyanine, the blue- 
pigment of B. pyocyaneus (See also p. 228). It is both a ph and a redox indicator; it is 
blue in neutral and alkaline solution and red in acid solution, while the leuco form 
(dihydropyocyanine) is colorless. Its constitution is that of a-oxy-N-methyl-phenazine 
(Wrede). The normal potential at ph 7 is — 0.033 V. (Fribdhbim and Michablis 376)). 
In acid solution the reduction occurs in two distinct steps each involving the uptake of 
one electron. The monohydroform is a cationic free radical (semiquinone) showing a 
characteristic green color (376)). We owe careful potentiometric studies of this interesting 
substance to Friedheim and Michablis 376) and to Elbma 233). Although the phy- 
siological function of the pigment is naturally restricted to B. pyocyaneus, it has served 
ap.a very useful model substance for those reversible and electroactive systems of other 
living cells which heretofore could not be obtained in pure form. One of the most impor- 
tant features of the pigment is that the monohydro stage (semiquinone) is also formed to 
some extent upon reduction in neutral solution where its concentration may reach 
10 per cent of that of the fully oxidized and fully reduced forms (822)). 

According to Friedheim 363) pyocyanine strongly stimulates the respiration of 
pigment-free strains of B. pyocyaneus as well as of mammalian red blood cells. He 
found that the pigment shows an effect preferably on such cells which contain hemin 
systems; their participation in the catalysis is indicated by the inhibitory effect of cya- 
nide. The reduced form of pyocyanine is autoxidizable. In those cases where the re- 
generation of the oxidized form is brought about by direct reaction with molecular 
oxygen, i.e. without iron, cyanide will exert no effect. Examples are the pyocyanine 
respiration of anaerobic bacteria (Tetanus, (Prei 358)) and unfertilized sea-urchin eggs 
(Eunnstrom 1012)). In the latter instance HCN will actually increase the pyocyanine 
respiration while the pigment effect on fertilized eggs, equipped with a hemin system, is 
abolished by HCN. When pyocyanine acts as the acceptor in the respiration of bottom 
yeast with hexosephosphate as donator, HCN causes an inhibition of 31 per cent (Ogston 
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and Gbebn 895)). In bacteria the respiratory enzyme system of which has been damaged 
by acetone treatment the respiration is only little sensitive against HCN and CO (331)). 
The respiration of Staphylococcus aureus is very strongly stimulated by pyo- 
cyanine; the effect on acetone dried bacteria of a B. pyocyaneus strain was found 
to be very small. 

The respiration of mammalian tissues is also increased by the pigment in certain 
cases. Thus, the oxygen uptake of liver, testis, and tumor cells is raised about 50 per cent. 
Pyocyanine here acts as a carrier, probably between reducing systems and the hernia 
system. Consequently, its action is inhibited by cyanide inspite of the autoxidizability 
of its leuco form. Furthermore it shows no effect on ceils with a perfect respiration, i.e. 
exhibiting no aerobic glycolysis whatsoever (kidney) (Pbibdheim 372)). The substrates 
burned with the aid of pyocyanine are carbohydrates or their breakdown products as 
judged by the high EQ and also by the stimulation of the pyocyanine effect produced 
by the addition of such donators (895)). 

However, pyocyanine may also act as acceptor in anaerobic Thunbbrg tests with 
succinic acid and amino acids as donators (Ehbismann 331)). 

Pyocyanine possesses certain properties which are not found in other quinoid dyes, 
e.g. in methylene blue, and which bring it into an intimate contact with the complex 
reactions occurring during the first stages of carbohydrate breakdown, Pyocyanine not 
only is frequently more efficient than methylene blue in experiments with cells or in 
model systems but it behaves qualitatively in a different manner towards the coupled 
reactions involving phosphorylations and oxidations. In particular, it appears able to 
replace, to a certain extent, other natural redox systems, e.g. pyridine derivatives (Eunh- 
STROM and Michaelis 1014), Lennbrstrand and Eunnstbom 713)). This property is 
linked by these workers to the phenomenon of two-step reduction shown by pyocyanine. 
The oxidation of the pigment by pure oxygen is not more rapid than that of methylene 
blue while the reduction by mixtures of carbohydrate breakdown products is faster. 
Lennbrstranb and Eunnstbom assume that pyocyanine is reduced in two single 
steps by another natural system, perhaps by the pyridine ferment, which in turn is also 
dehydrogenated in single steps.**') 

Phthiocol, the yellow pigment of Bac. tuberculosis (2-methyl-3-hydroxy-l,4- 
naphthoquinone, Anderson 35)), is a relatively negative redox system; at ph 
— 0.208 V. (Ball 57)). In the bacteria it is present almost completely in oxidized form. 
No respiration experiments have as yet been reported. The violet pigment Violacein 
of Bac. violaceus increases the oxygen uptake of bacteria freed from their own pig- 
ment by washing. The reduced form is non-autoxidizable, therefore the dye must act as 
an intermediate hydrogen carrier (Fribdhbim 364)). According to the chemical investiga- 
tions of Wrbdb 1346) and Tobie 1176) the pigment is a pyrrol derivative. Chiororaphin 
(a-hydroxyphenazine amide, Kogl 586a)) the green pigment of Bac. chlororaphis, 
represents a fully reversible redox system sharing many features with pyocyanine 
(Elema 234)). The normal potential, at ph 7.42 is E^' — 0.139 V.; the reduced form is 
stated to be non-autoxidizable. Below ph 4 the reduction is effected in two more or less 
overlapping steps with intermediate semiquinone formation. The effects of the dye on 
cells have not yet been determined. They ought to be similar to those of the chemically 
related pyocyanine though less pronounced because of the more negative potential of 
chiororaphin. 


*) Compare p. 104 concerning the fundamental significance of semiquinone catalysis. 
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ToxoflaviHs th© prostiietic group of a highly toxic yellow pigment formed by 
Bacterium bongkrek (van Veen and Mbrtens 1196)) represents the oxidant of a 
redox system which is fully reversible and electroactive between ph 4 and 8 (Stern 
1089)). The normal potential, E^', as referred to the normal hydrogen electrode, at 
ph 7.0 is —0,049 V. The slope of the individual titration curves is atypical throughout 
the ph range studied and shows an increasing steepness, indicative of semiquinone for- 
mation, towards the alkaline range. However no color change suggesting semiquinone 
production was observed, and the matter is further complicated by the instability of 
the pigment at ph > 8 which makes potentiometric measurements in alkaline solutions 
impractical. Although the chemical structure of this pigment is as yet obscure, the evidence 
available militates against a close chemical relationship to the class of flavin pigments 
studied by Warburg, Kuhn, Ellingbr, Euler, Karrbr and Stern. According to 
manometric experiments by Geevillb (1083)) toxoflavin will stimulate the respiration 
of non-nucleated mammalian red blood corpuscles to about the same extent as thionine 
(E^' + 0.062 at ph 7). The pigment reacts with oxyhemoglobin to form methemoglobin. 
Toxoflavin stimulates the respiration of Jensen rat sarcoma in glucose containing media 
(in one case a 140 per cent increase in Og-uptake was caused by a 2.10“® M. solution). 
The effect however decreases rapidly, probably because of the toxicity of the pigment which 
is brought out even more clearly by brain slices where a concentration of 10 M. already 
inhibits strongly the respiration. 

P enici Ilium phoeniceum has been found to contain a reversible system, called 
Phoenicein, with a potential of — 0.037 V. at ph 7.95 (Priedheim 369)). The reduced 
form is autoxidizable. The mould respires fully without any addition (EQ 1.0); it con- 
tains no cytochrome. The respiration here is possibly iron-free. The pigment will increase 
the oxygen uptake of Bac. pyocyaneus 3 to 4 times. Another accessory respiratory 
catalyst, according to Priedheim, is the pigment Nigrosin in Aspergillus niger. 
Its chemical composition is unknown. 

Echinoehrome (Cannan 161), Priedheim 365)), a pigment or group of pig- 
ments occurring in sea-urchins e.g. Sfharechinus granulans , Arbacia functulata, and 
Echinus esculentus to stimulate the oxygen uptake only of cells having a 

hemin system (sea-urchin eggs, red blood cells). The normal potential, at ph 7 
is - 0.220 V., i.e. as negative as that of free riboflavin (Cannan 161)). The leuco form is 
not autoxidizable. Eecently, pigments of this group have been obtained in crystalline 
form (Ball; Stern (unpublished)). The empirical formula of the crystalline Echinus 
esGulentus pigment is CioHeOg. The constitution is not yet elucidated. It is possible 
that there exist close chemical relationships between this pigment and pigments from 
Arbacia aequituberculaia BL and Strmgylocentrotus lividus recently isolated by Ledb- 
rer and Glaser 707). The physiological function of echinoehrome is not known. It has 
been observed that the pigment undergoes some changes in its distribution in the cells 
during mitosis. 

Another interesting invertebrate pigment is Hallachro'me, present in the marine 
worm Halla parthmopea (Priedheim 371)), This reversible system (E^' at ph 7 
+ 0.022 V.) was the first example of any redox system to be found to show a tendency 
for semiquinone formation in the alkaline ph-range; all the previously studied systems 
like pyocyanine will form appreciable amounts of semiquinone in the acid range. The 
identity of hallachrome with the ''red body” (p. 118) formed as an intermediary in the 
tyrosine-tyrosinase reaction which has been postulated by Mazza and Stolfi 770) and 
Eaper 958) is questionable. The pigment stimulates the respiration of Ascaris worm 



ACCEPTOR RESPIRATION 


Ilf 


eggs, sea-urchin eggs, and red blood cells. The leuco form which is preponderantly 
present in asphyxiated animals is apparently non-antoxidizable; the pigment, then^ 
would act only in cooperation with hemin or other metal systems. 

In this connection one might also mention the pigment of the nudibranch Cliromo- 
doris zebra which, according to Prbislbr 936), is a reversible redox system. The 
reduction of the blue oxidized form to the yellow reduced form appears to involve only 
one hydrogen equivalent. The leuco form is autoxidizable. The pigment of Arim rufm 
has a normal potential, E^' of — 0.027 V. at ph7 (Pribdhbim 367)). It is readily reduced, 
e.g. by cysteine or hydrogen activated by palladium. 

Whether the blue Asterinic acid, found by Euler et al. 266) in certain marine 
Crustacea and echinoderms, is a reversible redox system has not yet been ascertained. 
It seems to be closely related to Astaein, the carotenoid pigment present as a conju- 
gated protein in the shell, hypodermis and the eggs of the lobster. The latter pigment, 
termed Ovoverdin, shows a remarkable resistance to reducing agents; it is dissociated 
reversibly by heat into the carotenoid and the protein moiety (Stern and Salomon 
1096a)). The constitution of astaein itself, i.e. of the prosthetic group, is that of a te- 
traketocarotene (Karrbr and Loews 523a)). 

Certain higher plants contain reversible redox systems in addition to the probably 
ubiquiteous riboflavin (Kuhn, Karrbr, Stern) and carotins and xanthophyll, the 
reversibility of which is questionable. Juglon (5-hydroxy-naphthoqumone), the pigment 
of walnuts (Juglans regia), has an E^' at ph 7 of + 0.033 V. (Friedhbim 368, 373)). It 
exists in the nut mainly in the reduced form. Lawson (2-hydroxynaphthoquinone) 
is the well-known red henna pigment from the leaves of Lawsonia inermis* In accor- 
dance with its potential (E^' at ph 7 : — 0.189 V.) this pigment is found mainly in the 
oxidized form. In experiments with mammalian blood cells both pigments increase the res- 
piration about 5 to 6 fold. The negative potential of Lawson excludes the possibility 
that the catalysis here proceeds via intermediary methemoglobin formation; the poten- 
tial of J uglo n, on the other hand, would permit of such a coupled catalysis. Fbiedheim 
has used this observation as an argument against the hypothesis that such dyes exert 
their stimulation on red cell respiration only through methemoglobin formation. 

Other naphthoquinones occurring in plants are Lomatiol and Lapachol which 
are isomer alkylated S-hydroxy-naphthoquinones. Their potentials have been measured 
by Ball 68) (see p. 238). Droseron from Brosera 739), according to Dibterlb and 
Kruta 205), is identical with Plumbagin from Plumbago {2-methyl-5-hydroxy- 
naphthoquinone). Its potential has not yet been measured but only been com- 
puted. 

Her mi din, the chromogen of Mercurialis, is oxidized in two stages. The leuco 
form yields at first an unstable blue pigment, cyanohermidin, finally a brown one, 
chrysohermidin. Only the former serves as hydrogen acceptor (Haas and Hill 433)). 
Gann an 160) found the system to be reversible; be does not comment on the autoxi- 
dability. The potential happens to be almost identical with that of the chemically veiy 
different pyocyanine (E^' — 0.084 V. at ph 7). 

Anthocyans are stated to act as hydrogen acceptors in Thunberg experiments 
with purified liver aldehydrase (Ebichel 967)). They are subsequently reoxidized by 
air. The potentials and their biological significance remain to be determined. 

We may as well append some remarks on certain redox systems present in higher 
animals, though nothing is known about their actual function. The action of the adrenalin 
quinone (Omega substance of Kisch, Adrenochrome of Green and Bichteb, Bio- 
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ohem. JL 31, 596 (1987)) has already been mentioned on p. 106. Kisoh maintains 
that not adrenaline itself but the quinone acts as a respiratory stimulant. U. v. Euler 
325) however has seen an increase in respiration in muscle tissue when working 
with adrenalin concentrations of lO-^ to 10~^^ and at subop timal oxygen tensions. 
Only hexose phosphate and glycerophosphate but not lactic acid would act as acceptors. 
There was no effect to be found with leucocytes. This phenomenon is hardly a pure 
acceptor respiration. 

The system Tyrosine ±5: ^"Eed Body’’ (quinone of dihydroxy-indolcarboxylic 
acid) was found to be reversible (Friedhbim 366, 370, 642, 642a). It is thought to func- 
tion in the chain of reactions leading to melanine formation from tyrosine by tyrosinase 
(Eaper 968). However, the quinone was also found to dehydrogenate anaerobically 
purines, succinic acid, and cysteine; it may therefore be a biological hydrogen trans- 
porter (374)), In the presence of heavy metal the oxidation, initiated by tyrosinase, 
does not arrest itself at the ‘'red body” stage but proceeds irreversibly to melanines. 

The system Homogen tisio aci d±> Quinone acetic acid is also reversible (Blix 128) , 
PiSHBEBG and Dolin 346)). It has the rather positive normal potential of + 0.250 
at ph 7. Its function, though undetermined, might conceivably be concerned with the 
deamination of amino acids like the Adrenochrome. 

The chromogen Tyrin of wide-spread distribution which is not identical with 
tyrosine and which is oxidized by benzoquinone to a red pigment (Szbnt-Gyoroyi 1114)) 
is stated to be an unspecific mixture of amino acids (Platt and Wormall 934)). 

III. Oxidative Catalysis via Peroxides. 

1 ) Organic Peroxides. 

There are instances where an organic compound is catalytically oxidized in the clas- 
sical sense, i.e. by the uptake of oxygen into the molecule, without the possibility of inter- 
preting this process as a dehydrogenation. Here the oxygen attaches itself to valency 
gaps, in other words, to double bonds, to form a true peroxide. Insofar as such a per- 
oxide might conceivably oxidize other molecules by giving off atomic oxygen and thus 
bring about a true activation of oxygen, a remainder of the old Engler-Bach theory of bio- 
logical oxidation may be preserved. We have to distinguish between two different pro- 
blems in this connection: (1) formation of well defined peroxides as intermediates and (2) 
catalytic capability of such peroxides, i.e. their power to transmit the oxygen in active 
form according to Engler’s schema AOg + B-~>' AO + BO or AOg + 2 A + 2 BO. 
It must be kept in mind that such a peroxide, instead of acting as an oxidation catalyst, 
may also break down without oxygen transfer and thus represent only an intermediate 
stage in desmolysis. 

Organic peroxides may arise through the action of HgOg as well as through aut- 
oxidation: HgOg attaches itself to valency gaps with resulting peroxide formation, e.g. 
from aldehydes (Wieland). While this is an interesting possibility from the point of 
view of model systems, it has no great biological significance since, in general, hydrogen 
peroxide in respiring cells is decomposed by iron catalysts (catalatic or peroxidatic) at a 
rate too great to permit a direct interaction with substrates. The direct oxidation of 
pyruvic acid by H2O2 in anaerobes mast be listed as an exception. 

Baches Oxygenases: It will be remembered that Bach considered the oxidases to 
be complex systems made up of organic peroxides (“Oxygenases”) and of peroxidases; 
the latter, by acting on the former, release active oxygen. This concept has been aban- 
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doned in general and in particular with respect to the oxidation of chromogens for which 
it was developed. Bach’s oxygenases are actually quin ones insofar as they are not 
simple heavy metal systems. Of late, the term has been revived by english authors, 
e.g. J. B, S., Haldane (cf, 181)), to designate the respiratory ferment of Warburg. 
It, has been shown by Szbnt-Gyorgyi 1116) that o-quinone will oxidize guaiac to a 
blue pigment without the aid of a catalyst. Subsequently he has criticized the entire 
peroxide theory of Bach including the modification proposed by Whelbale-Onslow. 
The latter author had recognized the relation of the purely organic component of Bach’s 
oxidases to pyrocatechol; however, the peroxide nature of this component was still 
stressed. It is now established that the pigments of biological interest will not form well- 
defined peroxides, not even in the photo-oxidation by dyes (Gaffron 386)). The only 
knowm peroxides of this type are formed by rubene. 

Later Bach has attempted 65) to explain the specific case of the reaction of p-qiii- 
none with pyrogallol by peroxide formation (H0-C6H4-0-0H). By referring to the fact 
that no oxidation takes place here in a water-free system he assumes that the quinone 
splits water and is thus transformed into the peroxide hydrate. It may be, however, 
that the water is required for dissociation of the diphenol, the dehydrogenation in non- 
aqueous solution being inhibited by the stability of the hydrogen atoms under these 
conditions. 

It is obvious now that the original theory of Bach has mixed up two entirely dif- 
ferent things: the substances thought to be organic peroxides (“oxj^genases”) are actually 
quinones and have no direct relationship to Bach’s “peroxidases”. The latter may be 
enzymes as w^ell as biological iron complexes of similar action, like hemins, or even 
simple iron systems, in short every compound able to utilize in reactions of the 
peroxidatic type. The secondary action of H 2 O 2 will have to be taken into account when- 
ever autoxidation takes place in the presence of iron. (See also Bach 50), Pugh 938), and 
WiELAND 1328)). 

True Organic Peroxides? Even though it is to be admitted that the part of 
Bach’s theory dealing with “oxygenases” is untenable in the light of newer knowledge, 
this does not mean that true organic peroxides may not intervene in oxidation catalyses. 

It cannot be denied that certain peroxides arise through simple autoxidation and in 
such a manner that even Wieland does not interpret the reaction as a dehydrogenation. 
As has been found some time ago by Wieland and later confirmed by Jobissbn and 
VAN DER Beek 507), aldehydes, when oxidized in the absence of water, will yield peraeids. 
Wieland and Eichter 1323, 1324) have observed recently that benzaldehyde forms 
benzoperacid even in aqueous solution and since quinone or methylene blue are not 
reduced, not even in presence of ferrous iron, the reaction cannot be interpreted as a 
dehydrogenation of a benzaldehyde hydrate in a manner analogous to the dehydroge- 
nation of acetaldehyde. 

In this instance, then, the primary addition of the “unfolded” oxygen molecule 
( — 0 — 0 — ) does not cause the loss of by the donator but rather the transformation 
of the primary moloxide (I) into a true peroxide, which here is a peracid (II): 

0 
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The perbemoic acid in turn oxidizes a second molecule of benzaldehyde to benzoic acid 
in the absence of water, while in aqueous solution the aldehyde hydrate is dehydro- 
genated (see below). WiEnANO assumes that in this instance the carbonyl group and not 
the hydrogen is **actiTated’’ which would mean that the oxygen molecule is deformed by 
the residual valency forces of the double bond in the same manner as is usually ac- 
complished by polyphenols, leuco bases or ferrous iron. According to Kuhn (p. 125), 
though, the so-called autoxldation of benzaldehyde is in reality a heavy metal catalysis; 
a view held to be too radical by Wieland 1323, 1324). He admits that the reaction, in 
most cases, is indeed a metal catalysis, but he maintains that even perfectly pure ben- 
zaldehyde is oxidized. The autoxidation of benzaldehyde has been treated by Haber and 
WiLLSTATTBR 437) as a chain reaction, involving unpaired radicals and initiated by 
heavy metal. In agreement with this view the process may be checked by substances 
known to function as chain-breakers (Jbu and Alya 502a), Schwab et al. 1040)). 

Similar peroxides are produced by the reaction of aldehydes with H2O2 (Wieland). 
Here the migrates to the carbonyl group, yielding for instance dihydroxymethyl 
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(WiBLAND 1300)). Eibche 983) has 
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isolated similar compounds. The breakdown of these peroxides presents itself as a normal 
dehydrogenation within the molecule itself or between two molecules. Thus the formation 
of acetic acid from peracetic acid in aqueous solution is the result of the dehydrogenation 
of acetaldehyde hydrate by the peraeid: 

CH,-CH(0H>2 + 0 -OH 2 CHa -COOH + HaO. 
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In this way peroxides may function as intermediates in dehydrogenations (Wieland 
1300)). In the course of euzymatie dehydrogenation of aldehydes, however, no peroxi- 
des have been detected. It appears that here the oxidation proceeds from the very be- 
ginning as a pure dehydrogenation via the aldehyde hydrates. 

The oxidation of pyruvic acid by hydrogen peroxide, 

CHa -CO -COOH + Ha02->CHa COOH -l-COa-l-HaO (Sbvag 1046)), may proceed 
through a peroxide stage which has been described previously by Wieland and Winglbb 
1330) . Wieland 1300) assigns the structure CH^ — C — COOH to this compound. Peroxide 

/\ 

OH 0*0H 


formation is also postulated in the course of oxidative deamination of amino 
acids. Bergel et al. 95) have shown that not only ordinary amino acids but also those 
carrying substituents at the nitrogen atom are oxidized with animal charcoal as the 
catalyst. Inasmuch as a primary dehydrogenation is excluded in this case, the authors 
assume intermediary peroxide formation involving the nitrogen atom: 
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E-CH — NC^I . 

I \^o 

COOH (CHs)^ 

Krebs 604) hypothecates an analogous schema for non-substituted amino acids, but 
only for the unnatural d-amino acids, obtaining during the oxidation by amino acid 
dehydrogenase. The peroxide configuration which he has in mind, however, corresponds 
to the usual **adduct” rather than to a well-defined peroxide; to postulate the latter 
would be superfluous in view of the smooth and rapid pure dehydrogenation by acceptors. 
This point of view is supported by the fact that HgOg is produced as a result of dehydroge- 
nase action (Kbilin 546)) and that dehydrogenases will not attack amino acids devoid of H 
at the N, though this should not interfere with peroxide formation in the sense of Bergbl. 

When unsaturated fatty acids undergo autoxidation, a peroxide of the pro- 
bable configuration E — CH — CH — E*COOH is formed. As an alternative structure the 

6 — () 

formula E — C=C — E is discussed by Ellis 249). The latter formulation, however, 
OH OH 

may be considered to represent an equilibrium form, existing in the further course of the 
breakdown of the substrate, rather than a substitute for the peroxide. Ellis has isolated 
an ^‘oxidoelaidinic acid*’ from elaidinic acid subjected to autoxidation; he was also 
able to synthesize it. The compound is relatively stable. This peroxide formation by 
addition of — 0 — 0^ — may be a spontaneous process as indicated by the term autoxi- 
dation. But it is possible to accelerate the reaction by suitable catalysts, e.g. hemins 
(p, 124), other iron compounds, and a variety of organic compounds. The same applies 
to the case of the carotenoids. Because of their many double bonds they are much 
more rapidly attacked by oxygen than the fatty acids. The carotenoids are able to 
transfer oxygen (900)); at the same time they suffer deep-seated oxidative decomposition 
(Pranke 354)). 

The acceleration of autoxidation by catalysts has been extensively studied by 
Franke 354). Very different substances are active: bases, like aniline, certain amino 
acids (proline, histidine, arginine, lysine, tryptophane, and leucine), certain sugar like 
substances, particularly methylglyoxal, ascorbic acid (Holtz 492)); and also sterols, bile 
acids, cysteine, the carotenoids, and vitamin A, SH-glutatliione (Dixon 212)). The 
action of carotenoids and vitamin A has been found by v. Euler 327, 281); Monaghan 
834) claims that they are only active in the oxidized state and that otherwise they will 
inhibit the oxidation. Page 912) found amino acids without effect on the oxidation of 
phosphatides. It is not possible to develop a satisfactory theory encompassing all of 
these activators. 

In the case of the bases Pranke assumes that the entire molecule is made more 
labile by the salt formation which would thus increase the affinity to the O^-molecuIe. 
Pranke and also Eona 1000) would interpret the catalyses in general as chain reactions. 
This is not improbable since the only substances found to inhibit the autoxidation are 
readily oxidizabl© phenols, the strongest negative action being exhibited by adrenaline 
(Pranke). These inhibitors act as ''antioxygens’’ by breaking off the chain. Eona 
pictures their action as causing a dissociation of the primary addition product of oxygen 
and substrate into the components. The activating effect exerted by pyridine and 
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nicotine is interpreted in terms of stabilization of the primary adduct. A detailed study 
of the action of various polyphenols as antioxygens is due to Mattiul 768). According 
to this author and to his collaborator Olcott 900) a prerequisite for this action is the 
attachment of two OH groups directly to the benzene nucleus with the exception of the 
naphthols. ; : 

It is of interest to inquire whether the promotion of peroxide formation at the 
double bonds of unsaturated fatty acids by readily oxidizabie activators is due to a 
primary peroxide formation at the latter. This question cannot yet be answered. In the 
case of catalysis by thiols, for instance, the possibility of a peroxide configuration at 
the sulfur has been considered (Szbnt-Gyorg yi), whereas Harrison 455) suggested the 
formula B-S*OH. 

The acceleration brought about by carotenoids is of biological interest. They appear 
to promote not only the oxidation of unsaturated fatty acids, but also that of other 
systems (v, Euler 258)), e.g. ascorbic acid + glutathione, especially in the presence of 
adrenaline. Joybt-Lavbrone 614) reports that vitamin A transfers oxygen to gluta- 
thione. His histochemical experiments were carried out with chondriosomes. Com- 
plex oxidation systems, e.g. carotenoids glutathione fatty acids, are another 
possibility. 

Catalytic action in oxidation processes has been attributed to a number of lipoids, 
e.g. to a water-soluble phosphatide of plant origin (Gutstein 426)), colloidal lecithin 
(Magat 745)), colloidal cholesterol (Ebmesow et al. 977)). Although these effects might 
find their ultimate explanation by a peroxide mechanism, traces of heavy metals cannot 
be excluded as yet as causative agents. The same applies with even greater force to the 
'lipoxidases” of Andre and Hou 28) present in soya bean milk and capable of oxidizing 
oils and of converting guaiac into a blue dye. 

If we concede the possibility that carotenoids and sterols (about ergosterol seep. 125) 
may form true peroxides by attaching oxygen to their double bonds, we would also have 
to admit that these peroxides may conceivably promote or catalyze the oxidation of 
unsaturated fatty acids. They may do so either by transmitting their entire oxygen to 
the fatty acid and thus converting the latter into an unstable peroxide or by an induced 
oxidation of the type visualized by Englee. The latter would, of course, be no longer a 
true catalysis, since the carotenoid peroxide, while transmitting some of its oxygen to 
unsaturated fatty acids, would itself undergo oxidation. Pranks claims that this is the 
case. The double function of the carotenoid peroxides, then, would be that of an inter- 
mediate in the desmolysis of the carotenoids and of an agent inducing oxidations of other 
metabolites. The fatty acid peroxides, on the other hand, might perhaps best be regarded 
mainly as intermediates in fatty acid decomposition, inasmuch as we have no evidence 
for secondary oxidations induced by them. Just as peracetic acid represents an inter- 
mediate which may break down into acetic acid + HgO as well as into acetaldehyde 
“f HgOg (Wibland 1300)), fatty acid peroxides may further change to hydroxy-keto- 
acids, E*CO-CHOH*E'*COOH, which may either suffer further decomposition in the 
course of intermediate metabolism or which may polymerize to form resinous products, 
an example being the drying of oils (Goldschmidt and Prbudbnberg 407)). This latter 
process represents probably a chain reaction involving heavy metal (see next section). 
While studying the autoxidation of linolic and linoleic acid Hinsberg489) found strongly 
acid substances of reducing character. It is doubtful how far such mechanisms correspond 
to physiological happenings and to which extent they play a role in the principal train 
of metabolism. Most workers consider the so-called jS-oxidation of fatty acids as the pre- 
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ponderant mechaBism; here the primary dehydrogenation occurs at a place in the mole- 
cule quite distant from the double bonds, namely, between the first and second 0 atom 
counted from the carboxyl group (p. 256). Only the quantitatively unimportant oxidation 
of methyl ' groups, the so-called co-oxidation, is to be considered as a true oxidation 
according to Kuhn and Kohler 650). 

3) Heavy Metal Catalysis via Peroxides. 

The question as to whether catalytically active metals form true peroxides as 
intermediates in the transfer of active oxygen, is not new. It still remains to be con- 
clusively answered. 

For purposes of discussion we differentiate between oxidative and peroxidative 
action. 

When considering oxidativecatalysiswe shall eliminate as a matter of principle 
all those instances where the metal complex (mostly iron) is a redox system and functions 
by virtue of a reversible change between two states of valency (e.g. Ferrous ±i; Ferric 
form). There remain then only those cases where no primary dehydrogenation can take 
place. It must be remembered that mere peroxide formation at the metal is not sufficient 
to establish a truly catalytic schema. If we adopt the schema of Englbr, the reaction of 
the peroxide according to Fe** • • -(011)2 + Ace— >-Fe”^OH + Acc.OH, at least at neutral 
reaction, is no catalysis (Madelung); Pe^^^OH is changed no further. The experiments 
of Manchot on the oxidation of arsenite via an iron peroxide, Fe02, suggest merely an 
induced reaction. In their experiments on the oxidation of glycolic acid Goldschmidt 
et al. 406), too, arrive at the conclusion that this oxidation by iron salts represents an 
induced reaction with an intermediary formation of Pe^ ^-peroxides. The postulate of 
WiELAND and Pranke 131), that the Pe^^ stage must be regenerated if a catalysis 
is to ensue, is not fulfilled here. This means that the entire oxygen originally taken up 
must be transferred to other molecules. In contrast to his earlier views Manchot is now 
inclined to believe that the peroxide may indeed yield all of its oxygen to an acceptor. 

In general it is often difficult to draw a line between oxidative and dehydrogenation 
catalysis. Certain phenomena are explained by Wieland as dehydrogenations which 
Manchot prefers to interpret as true oxidations. The dualism is evident in the catalytic 
oxidation of arsenite and of sulfite by iron in the form of ferropyrophosphate. The former 
is explained by Smith and Spoehr 1060) as a reaction involving a ‘‘moloxide”, while 
in the latter case both mechanism are held possible but the moloxide mechanism con- 
sidered more probable. Wieland 1323, 1324) believes that the oxidation of benzaldehyde 
as catalyzed by metal in aqueous solution, involves a peroxide of the aldehyde, cl 
Pranke (l.c. 288, p. 198)). 

A similar situation exists with regard to the peroxidatic action of heavy metals 
(p. 70). In most instances the correct explanation will be found in assuming a catalysis 
involving a change in valence of the metal and a reduction of the H 2 O 2 . While this takes 
care of the simple metal compounds and derivatives, there remains a residue of non-dehy- 
drogenating catalyses which may perhaps be explainable in terms of peroxide formation at 
the metal. The hemin catalyses present a particularly perplexing situation inasmuch as 
they afford evidence neither for a valency change nor for peroxide formation. It is assumed 
that unchanged ferric iron functions as catalyst both in the peroxidatic and catalatic de- 
composition of H 2 O 2 (Haurowitz 467)). Methemoglobin, for example, forms a spectros- 
copically well defined complex with hydrogen peroxide in a molecular ratio of about 1 : 1 
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(Kobeet 684), Hahrowitz 467),,Keilin and Habtrbe 645). The behaviour of this mter»* 
mediate towards various reagents suggests that the iron is still in the trivalent state. The 
complex decomposes spontaneously to form molecular oxygen (and presumably water). 
Eeeent observations by Kbilin and Hartrbb 549), on the other hand, lend themselves to 
the interpretation that the enzyme catalase which like methemoglobin possesses proto- 
ferriheme IX as prosthetic group, when acting upon hydrogen peroxide, is reversibly 
reduced to the ferro form which subsequently is reoxidized. Hydrogen peroxide is claimed 
to be a specific reductant of catalase. Weiss 1289a), in a recent theoretical review of the 
reaction mechanism of catalase and peroxidase in the light of the theory of chain reactions, 
concurs with Keilin in this view. He enlarges upon the physical chemical implications 
as follows: ‘'The role of the iron ions in the porphin ring — such as in the respiration 
ferments and catalase — is to make possible a very quick electron transfer, i.e., the 
reversible change between the divalent and trivalent state.** He adds, in the form of 
a footnote, “This is probably because the change of valency of the iron in the porphin 
ring system is taking place without appreciable movement of heavy particles and not 
as it could be in the case of ferrous and ferric ions, when the water dipoles in the hy- 
dration shell undergo a rearrangement when the charge of the central ion is changed. 
On the other hand, the system of conjugated double bonds around the iron in the hematin 
group permits — through their loosely bound n-electrons — a rapid “conduction** of 
the inner electron.” 

We have as yet no satisfactory explanation for the mechanism of the oxidation of 
— C = C — bonds by hemins + H2O2. If the intermediary production of a peroxide at the 
heme iron is postulated one has to explain how this peroxide reverts to the Pe^^-stage which 
is necessary for the establishment of catalysis. Wieland 1312, 1316) has tried to identify 
the process as a dehydrogenation catalysis (see also Beetho (l.c. 105, p. 727)), whereas 
Manchot 760, 751) defends the peroxide hypothesis. This author suggests that not the 
usual type of a peroxide, Pe^-Og, but a compound of the schematic formula PegOg or 
Pe • ’ -(011)3 is formed by transformation of an adduct PeS04 ' ‘H2O2; the latter is considered 
as a salt of HgOg, namely Pe(0H)2--0-0H, by Habee and Weiss 436). Similar ideas 
have been expressed by Shaffer 1046) for the course of the oxidation of ferrous salts and 
by Dhae 200) for the induced oxidation of formic acid by Pe and Ce ions. The formation 
of the adduct is considered to be the primary reaction in any case by Manchot and 
Pflaum 751). Thereby Manchot modifies to a certain degree his previous postulate of 
the formation of well-defined peroxides (see for instance Manchot and Lehmann 750) 
where a reduction of PegOg by an excess of HgOg was assumed) and he approaches the 
more general idea of reactive complexes in the sense of Bronstedt which would be able 
to explain the mechanism of the catalysis (see also Wieland 1306), p. 70). A regene- 
ration of the ferrous form by suitable concentrations of HgOg and thus a true catalysis 
is held likely to occur only to a restricted extent, whereas in general Pe*^^ is assumed to 
be formed. It should be remembered that Manchot*s entire considerations (see also 
762)) refer less to a catalytic process than to induced reactions. 

The equation for the over-all reaction, as proposed by Manchot, 

2 PeS04 + 3 HgOg + 2 HgO = 2 Pe(OH)3 + H2SO4 + Og, 
is not accepted by Haber and Weiss 436). These authors assume that the process is a 
chain reaction. The chains are relatively short and they terminate whenever ferric iron 
is formed (Goldschmidt 406)). The effect of peroxides of metals other than iron has been 
studied by Gallagher 387) and Cook 183). 

It would appear then that in iron compounds other than hemins, i.e. ions or simple 



HEAVY METAL CATALYSIS VIA PEROXIDES 


12d 


complexes, only the ferrous and not the ferric form is active as ''peroxidase’"; this has 
been shown directly by Simon and Eeete 1057) and indirectly by Kdhn 678) who 
reports that reduction of ferric iron at graphite surfaces will increase its catalytic activity 
by a factor of 10^, If we assume that the ferrous forms act by virtue ol peroxide formation, 
we have to assume that these are changed back to the original ferrous form during the 
catalysis. But how this happens is not known. 

There follow some data concerning oxidations, involving a true uptake of oxj^gen, 
which cannot be explained on the basis of dehydrogenation. 

WiBLAND 1323, 1324) has shown that benzaldehyde is autoxidkable without dehy- 
drogenation, perbenzoic acid being an intermediate. In spite of this the ordinary autoxi- 
dation of benzaldehyde is a heavy metal catalysis wdiich outweighs by far the w^k or 
negligible autoxidation, e.g. in aqueous solution (652, 964, 782)). According to Eaymond 
696) radiation is also effective. Kuhn and Meyer 652) find that the oxidation, when 
catalyzed by traces of Fe, Cu, Ni, Mn, or by pyridine hemin, is cyanide sensitive. The 
oxidation of aldehydes by MnOg via peroxides has been studied by v. Braun and Keller 
143). Wieland has confirmed the catalytic activity of iron; but his careful investigation 
has failed to elucidate the mechanism. An orange colored complex which is formed rapidly 
with ferrous iron and only slowly with ferric iron and which Kuhn suspected to be the 
catalyst proper has no significance according to Wieland; it is a ferric complex salt of 
perbenzoic acid. Kuhn and Wieland find that acts rapidly and that the very low 
activity of Fe^^^ increases with time. There must exist therefore a mechanism whereby 
Fe^^* is reduced back to Fe^^ after it has arisen in the induced reaction via the peroxide 
Pe^*02. A typical dehydrogenation does not occur since the aldehyde hydrates wiiich 
have no other mobile hydrogen, e.g. chloral hydrate, are resistant against catalysis by 
iron; nor does quinone act instead of oxygen in the system aldehyde-Pe^h Perhaps a 
chain mechanism operates in this case as it does in that of the unsaturated fatty acids 
(Wrioht et al. 1350); see below). 

Prom a biological point of view as well as a model the marked acceleration of autoxi- 
dation of unsaturated fatty acids by metals assumes importance. This reaction proceeds 
via peroxide stages; it may be catalyzed both by simple complex salts, e.g, copper ascor- 
binate (Holtz 492)), as w^ell as by very stable complexes like tridipyridyl ferrous salts 
or hemins. The latter might well have a significance in metabolism. The catalysis is 
cyanide resistant. It might possibly account for a part of the so-called iron-free respiration 
at the expense of fatty acids. 

In the oxidation of oleic acid by ferricyanide a complex situation was encountered 
by Wright et al. 1350). A change in valence cannot be demonstrated; oleic acid does not 
reduce ferricyanide, and ferrocyanide is not autoxidizable. The process has been studied 
from the point of view of a chain mechanism by Chow and Kambrling 168). Oleic acid 
will reduce Pe*^^ only in presence of Og. Pe^^ alone is completely inactive. Otherwise the 
rate of oxidation depends on the redox potential the more positive the latter 

the greater will be the rate of reaction. 

Ergosterol has been found to be oxidized by free hemin (Kuhn); this catalysis is 
cyanide-resisiant. According to Mayer 784) a peroxide is produced as an intermediate. 

With phosphatides as substrates iron is most active as catalyst while copper only 
slightly active. Kephalin absorbs more oxygen than other phosphatides; it represents the 
only phosphatide which is oxidized with cobalt as catalyst (Page 912)). 

In view of the fact that the catalysis involves neither a change in valency nor the 
production of peroxides at the non-autoxidizable highly complex ferrous compounds 
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or at the difficultly reducible ferric compounds, Frank® (288, p. 195) favors the opi- 
nion that the iron catalysis is not at all concerned with the primary formation of the 
peroxide configuration, — GH — CH— , but only with its further change ' via 

II 

0—0 

— CO— CHOH — and its oxidative breakdown. He assumes that the iron system reacts 
peroxidatically with the organic peroxide in such a manner that it is further transformed 
by dehydrogenation-hydrogenation reactions. It may be that the oxidation of fat in 
situ by Cu and Fe, as observed by Eosbnthal and Voeotlin 1006), is to be explained 
in this manner. 


Special Part. 

D. The Enzyme System. 

I. Theoretical Considerations. 

1) The Enzymes of the Main Path; Hydrokinases. 

The differentiation between Dehydrogenases and Oxidases, though open to 
considerable criticisms, is retained here for purely practical reasons. Both groups belong 
to the great class of Desmolases which catalyze oxido-rediictive processes of an essen- 
tial dehydrogenating character. They might also be called Oxidoreducases, but it 
appears preferable to use instead the term Hydrokinases. The latter was originally 
introduced by Wielanb as an alternative for “dehydrogenases”; however, this term 
expresses beautifully the current concept underlying the action of all the enzymes of 
this class according to which they “cause hydrogen to move” (Prom the Greek dSojs*, 
hydrogen, Ktv^lv, move). The dehydrogenases and oxidases, as subgroups, are no 
longer distinguished with respect to fundamental divergence in theory but rather by the 
superficial form of their action and by their chemical constitution. 

The dehydrogenases are defined, in accordance with Wieland, as enzymes endowed 
with a rather pronounced donator specificity and a limited acceptor specificity. We have 
to distinguish between those dehydrogenases which are able to react directly with mole- 
cular oxygen (aerobic dehydrogenases (Dixon 312)) or better oxytropio dehydroge- 
nases (Thunberg 1169)), and those which are unable to do so (anaerobic or anoxy tro- 
pic dehydrogenases). The latter may utilize oxygen only with the aid of a separate, 
autoxidizable system which may contain heavy metal or quinoid groups. The anoxy- 
tropic dehydrogenases function as important links in the intricate reactions leading the 
metabolic hydrogen of the primary anaerobic processes to the terminal respiratory 
system. One of them is cytochrome c, one of the very few non-autoxidizable hemin deri- 
vatives. The principle according to which the main chain is constructed is undoubtedly 
to provide only for one component capable of direct reaction with oxygen, thus forcing 
the other catalysts to fall in line. The donator closest to the cytochrome may be the fuma- 
ric system, or the yellow enzyme (flavoproteid), or diaphorase (see p. 226). 

The oxytropic dehydrogenases may fulfill two different functions. On the one hand 
we have the aldehydrases and alcohol dehydrogenases as important catalysts in anoxy- 
biontic fermentation processes. It must be mentioned, however, that recent work makes 
their capability to react directly with oxygen rather questionable. Thus Euler assumes 
that the alcohol dehydrogenase is one of the pyridine enzymes and that it will react with 
Og only through the participation of the yellow enzyme. Eeiohel claims the same for 
the aldehydrase. On the other hand, certain oxytropic dehydrogenases appear to catalyze 
special aerobic reactions occurring apart from the main chain of carbohydrate desmolysis, 
e.g. the oxidation of purines (xanthine dehydrogenase). One might be tempted to classify 
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the yellow enzyme with the oxytropic dehydrogenases. In the fully respiring cell its 
action is entirely or at least predominantly anoxytropic, while in special cases this en» 
zyme may establish a true respiration; this takes place if no hemin system is present or 
if . the'' latter is damaged. 

For the sake of systematizing the group of oxidases might be placed at the side 
of the dehydrogenases. These systems are characterized by two features; they react 
exclusively with oxygen as acceptor and they are heavy metal systems which may be 
poisoned by HCN as well as in many instances by CO. The ''classical” oxidases, i.e. the 
chromo-oxidases attacking aromatic chromogens, may be divided into three subgroups, 
namely, the "indophenoloxidaso” which attacks preferably para compounds, the poly- 
phenolase (catechol oxidase) proper which oxidizes ortho compounds, and the mono- 
phenolase (previously called tyrosinase). The most important oxidase is the cyto- 
chrome oxidase. In addition we encounter forms of intermediate properties, e.g. 
enzymes which will react exclusively with oxygen as acceptor but which are cyanide 
resistant. An example are the amino acid oxidases. These and similar enzymes 
represent alioxazine proteids (see pp. 189 and 197); they may be oxytropic dehydroge- 
nases. The alanine oxidase is such a catalyst. For the time being they may be grouped 
together as ox by d rases so as to indicate that they are dehydrogenases which will exclu- 
sively reduce oxygen. It is as yet not possible to name the reason why certain enzymes 
show an absolute specificity for oxygen. The cause may be of thermodynamical charac- 
ter, related to the normal oxidation-reduction potential of these catalysts, or it may be 
related to the chemical structure of these enzymes. In contrast to their rigid acceptor 
specificity the chromo- oxidases show a less pronounced donator specificity. Some of 
the classical oxidases may not be enzymes at all but just simple metal salt systems 
capable of forming autoxidizabie complexes with chromogens. Theoretically perhaps the 
most intricate type of enzymes are the peroxidases which will only use hydrogen 
peroxide or other peroxides as acceptors. It should be remembered that their action, the 
reduction of HgOg, is not only the most important one from the point of view of energy 
gain (the primary reduction of oxygen to HgOg yields much less energy), but also that 
they effect the ultimate oxidation of the chromogens while the first step, as catalyzed 
by the oxidases, leads to the establishment of equilibria (see Franks (288, p. 152, 284)). 

2) Auxiliary Enzymes of Desmolysis. 

Desmolysis, in order to proceed smoothly, requires a series of auxiliary enzymes 
besides the enzymes of the main path, the hydrokinases, which transfer hydrogen from^^ 
the first donator in anaerobiosls over other redox systems to the molecular oxygen. At 
various stages of anoxybiosis and oxybiosis there arise substances which cannot be 
dehydrogenated in the normal way and which have to be transformed prior to further 
dehydrogenation. Furthermore, one of the most important final stages of intermediary 
metabolism, the production of OOg, calls for a special type of catalysis. Other auxiliary 
enzymes serve the purpose of decomposition of the last intermediary product of oxidore- 
ductive catalysis, of H 2 O 2 ; it is the ultimate reduction of oxygen to water which yields 
the last and large amount of free energy stored in the metabolic hydrogen. Then there are 
certain enzymes of doubtful classification which have been found mainly in bacteria 
and which perform certain special tasks. We might, then, group the auxiliary enzymes 
loosely into auxiliary enzymes of anoxybiontic metabolism, of terminal 
oxidation, and the last mentioned group of special enzymes. 
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Tlie auxiliary eiizyiaes of aEOxybiosis may be divided. again into tliree oi: perlmps 
four snbgiwps. The most conspicuous of these is that of .the carboxylases. 
These catalysts are responsible for the formation of OOg, which together with H^O. 
represents the ultimate product of any type of metabolism^ fermentative or respiratory 
in nature. While decarboxylation in plants, particularly in yeast, consists of the decom- 
position of an a-ketocarboxylic acid into COg and the next lower aldehyde, decarboxy- 
lation in animal tissues appears to be of the oxidative type (p. 250). Another subgroup 
is that of the hy dratases. At various stages of desmolysis we encounter intermediates 
which cannot be directly dehydrogenated. The simplest case is that of the aldehydes 
which may only be dehydrogenated in the hydrate form E *CH(OH)2 (Wielanb). However, 
these hydrates arise spontaneously in aqueous solution as can be shown spectroscopically 
(ScHOU. 1033), Promaobot 377)); a special hydratase is therefore unnecessary in this 
case. The only instance where an enzymatic catalysis of hydratation has been established 
beyond doubt is the transformation of fumaric acid into malic acid. The equilibrium 
fumaric acid + HgO :?± malic acid is catalyzed in a fully reversible manner by the enzyme 
fumarase, also called fumaric hydratase (Jacobsohn), Malic acid in turn may be 
further dehydrogenated to oxaloacetic acid which may be successively decarboxylated 
to form pyruvic acid and then acetaldehyde. It is as yet undecided whether the mu t a s e s 
belong to the group of hydratases. The evidence available indicates that the dismu- 
tation of aldehydes to form alcohol + carboxylic acid is not, or at least not always, 
catalyzed by the aldehydrases proper. Dixon and Lutwak-Mann 216) have obtained 
a preparation from milk exhibiting pure aldehydrase activity without any mutase action 
and a liver preparation with pure mutase action and without any dehydrogenating 
activity. If we accept their existence, mutases may either be dehydrogenases, i.e. alde- 
hydrases utilizing a second aldehyde molecule as acceptor (Schema I) or they may be 
hydratases reacting according to the usual scheme of dismutation (II): 

I. OH^-CH{OH)2 + OH^*CHO-->CHs‘COOH + CH^-OH^OH 
IL CHj-CHO + H^O + OHs-CHO-^CHg-COOH + CHg-CH^OH 

Por a better understanding of this problem the following observation of Dixon and 
Lutwak-Mann 216) may be significant: enzymatically pure aldehyde mutase will also 
attack methyl glyoxal and disproportionate it to form pyruvic acid and acetol: 

CH 3 -CO -OHO ) ) GH 3 DO -COOH 

[ +H,0 [ 

CB«-CO-CHO ) ; ) CHa CO-CB^OH 

As is well known, glyoxalase (ketonealdehyde mutase), on the other hand, will react with 
methyl glyoxal in such a manner that one molecule of the substrate undergoes an 
"'intramolecular Cannizzaro reaction” (Nbbberg) yielding lactic acid: 

OH 3 DODHO + H20-->CH3DH0HD00H. 

Thus the two enzymes change the same substrate in a fundamentally different manner, 
a clear documentation of the principle that a catalyst may not only affect the rate but 
also the course of a reaction by selectively enhancing one of several possibilities. It 
appears warranted to consider glyoxalase as a hydratase and the aldehyde mutase as an 
anoxytropic dehydrogenase with a unique acceptor specificity. The existence of such 
mutases is also indicated by the recent findings of Krebs (p. 274) concerning the enzy- 
matic dismutation of ketocarboxyhc acids, where one serves as the acceptor, being 
reduced to the hydroxyacid, and the other as the donator, being probably dehydrogenated 
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in the ortho form E * * * 00 ’C(0H)3; in. the course of this reaction the terminal COg looses 
its ioothoM as it were and is split off. There is evidence that the agon of these special 
dehydrogenases is identical with that of carboxylase (vitamin B^-pyrophosphate). , 

A' third group of auxiliary enzymes plays its role in the very early stages of the 
breakdown of sugars; they are contained in the complex system which is commonly called 
'""enzymes of the first attack’'. We do not know how many individual enzymes take part 
'here. Even the most recent schemata of sugar decomposition (Embdbn-Meyerhof) 
do not yet embrace the very first stages and begin with fructose diphosphate; glucose is 
only considered in these schemes at a stage where it is drawn into the process in a secon- 
dary manner, namely, in a coupled reaction. 

Our knowledge of this ""first attack” is limited to three general points: (1) there 
must take place an intramolecular rearrangement of the pyranoidhexose to a ""reaction 
form of the sugar” the furanoid structure of which is indicated by the fact that fructose 
diphosphate itself is furanoid. (2) esterification with phosphoric acid must occur, and (3), 
the phosphorylated hexose is broken down into two molecules of triose phosphoric 
acid. Eeaction (1) is catalyzed probably by Mbybbhof’s hexokinase which is closely 
related to or identical with Eulee’s heterophosphatese which he now calls phosphor y- 
lase *). In the case of glycogen or starch it is highly probable that there takes place a 
direct phosphorylytic cleavage into hexosemonophosphates (Paenas). Eecent experi- 
ments by OoEi 186) show that the hexose monophosphate thus formed is hexose-l-phos- 
phate which is subsequently rearranged by an enzyme into hexose-6-phosphate. 

Whether Eobison’s phosphohexokinase which converts fructose monophospho- 
ric acid into glucose monophosphoric acid is an enzyme is not yet established. Eeaction (2) 
is most certainly catalyzed by phosphatases. The important step (3) is catalyzed by the 
aldolase of Meyebhof and Lohmann 794) which is responsible for the following 
equilibrium reaction 

Dihydroxyacetone phosphoric acid glycerinaldehyde phosphoric acid 

hexose diphosphoric acid. 

This enzyme undoubtedly represents the most important catalyst of the ""first attack” 
and is therefore the most important auxiliary enzyme of the anaerobic sugar breakdown 
in general. A further enzyme, end as e, promotes the transition of phosphogly ceric into 
phosphopyruvic acid ****). The enzymatic nature of carboligase, on the other hand, 
which allegedly catalyzes the condensation of aldehydes to acetoine, has become doubtful. 
This process is more likely a non-catalyzed reaction between free radicals where the 
acetoine formations represent a chain breaking process, or a spontaneous reaction 
between activated molecules. 

Other anaerobic enzymes with special functions are those which operate with 
molecular hydrogen; this gas is liberated by the action of the hydrolyases and fixed 
by the hydrogenases which are the only true reducases. Other special enzymes, like 
Buek’s azot ase which is responsible for the assimilation of molecular nitrogen by cer- 
tain bacteria or the nitrataseof Geebn which promotes the reduction of nitrates, are 
hardly known as chemical individuals; their presence is inferred from the occurrence 

*) This form of the '*first attack^" concerns, naturally, only the free hexoses. Doubts have 

been expressed lately whether such a phosphorylating attack on free hexoses occurs at all; perhaps 

the typical breakdown of carbohydrate in all cells begins with the direct phosphorylation of poly- 
saccharides only. 

%♦) For a fuller discussion of these enzyme systems the reader is referred to the recent review 
article by Meyebhof in '"Ergebnisse der Physiologie” (788)). 
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of these unique reactions and from the generalization that all life processes are brought 
about by the action of enzymes. 

Auxilary Enzymes of Temimal Besmolysis: These enzymes fulfill a fuiiction quite 
different from those just mentioned. They do not catalyze certain stages of the 
chemical breakdown of the . substrates but they insure the utilization of oxygen 
to the largest extent possible while they protect the cell against toxic agents. The com- 
mon biological function, of these catalysts appears to be the elimination of hydrogen 
peroxide which arises' as a' product of primary dehydrogenation reactions. We refer to 
the peroxidases and catalases. The chemical nature of these enzymes will be discussed 
further below (p. 172). While there is no doubt that it is possible to prepare catalase 
preparations free from peroxidase and vice versa, there appears to be a certain overlap- 
ping with respect to specificity; according to recent findings by Keilin and Haetrbb 
and of Haurowitz catalase may take part in peroxidatic reactions, especially under 
conditions which favor the action of catalase upon peroxides in statu nascendi. The 
situation is furthermore somewhat complicated by the fact that a number of non-enzymatic 
systems, e.g. simple heme derivatives and iron salts, show a certain peroxidatic activity. 

The action of catalase, acc. to Wieland, consists in a dismutation of hydrogen 
peroxide: One HgOg molecule hydrogenates a second HgOg molecule in such a manner 
that the over-all reaction 

2 HgOg O 2 + 2 HgO 

is the result (see, however, p. 177), The peroxidases, on the other hand, are oxidizing 
enzymes. This is true because hydrogen from the substrate will reduce the HgOg: 

H2O2+ 2 H B^O. 

These reactions do not necessitate a valency change of the heme iron of the cata- 
lysts (Haurowitz). 

If one wishes to assign a place in the general system to the peroxidases they may 
be designated as phenol dehydrogenases with a pronounced donator specificity towards 
certain non-antoxidizable polyphenols and amines (guaiacol, pyrogallol, benzidine, 
triphenylmethane dyes, etc.) and with an almost absolute acceptor specificity towards 
H 2 O 2 . Other organic peroxides which have been tested were either not acceptors at all 
or much less effective (Wieland and Sutter 1338)). 

3) Survey of System of Desmolases. 

The following scheme may he taken as a preliminary attempt to bring order in the 
chaos; as such it has mainly formal interest. 

A» Enzymes of the Main Path: Hydrokinases. 

I. Dehydrogenases. 

Definition: Dehydrogenating, substrate-specific enzymes capable of reducing 
chemical acceptors. 

a) Anoxytropic Dehydrogenases. 

Definition: Enzymes reacting only with chemical acceptors and not with molecular 
oxygen; their complexes with the substrate are therefore not autoxidizable. 
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a) Heavy metal-free Systems. ■ 

1) Acidodeliydrogenases: Acetodehydrogenase, dehydrogenases for Mgher^ fatty aeids, 
, succinic dehydrogenase, glutamic acid dehydrogenase. 

2) Hydroxyacidodeliydrogenases: 'Lactic, malic, j^-hydroxy butyric, citric clehydro'- 
^■genase,. etc. ' 

8) ■ Pymvic dehydrogenase 

4) Formic dehydrogenase 

5) Oxalic dehydrogenase ■ 

6) Group of pyridine enzymes: Agon, pyridine nucleotides; natural acceptor either the 
yellow enzyme or diaphorase (Euebb). 

Alcohol dehydrogenase (Agon, cozymase), triose phosphate dehydrogenase (Agon, 
eozymase), glucose monophosphate dehydrogenase (Agon, Wabbueg's coferment). 

7) Other dehydrogenases of the sugar group. Eelationship to group 6) not yet established. 
Glucose dehydrogenase (Haeeison), triose dehydrogenase (Cmft), glycerophosphate 
dehydrogenase, amylodehydrogenase (Thunberg). 

8) Diaphorase: Agon, an alloxazin nucleotid. Donator Dihydroeozymase, accep- 
tor probably cytochrome b. 

Appendix: Acceptor-free dehydrogenation of organic substrates, mainly formic acid, 
with formation of molecular hydrogen (Hydrolyases (Stephenson)). 

P) Hemin Systems. 

Cytochromes. Natural substrates probably flavoprotein (yellow enzyme), diaphorase, 
succinic acid, malic acid, perhaps glutathione. Natural acceptor ex- 
clusively the respiratory ferment (cytochrome oxidase). 

b) Oxytropic Dehydrogenases. 

Definition: Enzymes reacting with chemical acceptors as well as with molecular oxygen. 

1) ScEAEBiNGEE Enzyme. Agon, an alloxazine nucleotide. Substrates: Aldehydes, 
hypoxanthine, xanthine. Closely related to this enzyme: Nucleic acid dehydrogenase. 

2) Flavoprotein (Yellow Enzyme). Substrate very probably the pyridine enzymes of 
Waebueg. Acceptors not definitely established, perhaps directly cytochrome b or 
certain dehydrogenases. 

IL Oxhydrases. 

Transition to Oxidases. Definition: Substrate specific dehydrogenating enzymes, 
apparently metal-free, preferential or exclusive acceptor-specificity for molecular 
oxygen; even thermodynamically permissible chemical acceptors are not or not apprecia- 
bly hydrogenated. Action is resistent against heavy metal poisons. 

1) Glucose oxidase (D. Muller), Ascorbic acid oxidase (Szbnt-Gyorgyi, Zilva). 

2) Amino acid dehydrogenases (Krebs, Ejsch); Agon, an alloxazine nucleotide. 

8) Oxhydrases of amines: Diamin-oxhydrase (Histaminase) Monoamin-oxhydrase 
(Tyraminase.) 

Belated enzymes: Proline oxidase, Thiosulfate oxhydrase (Pieie). 

III. Oxidases. 

Definition: Cyanide sensitive heavy metal systems with absolute affinity to oxygen 
as acceptor. 

a) Soluble Oxidases. 

1) Uricase. Belated Enzyme: AUantomase. 

2) Chromo-oxidases: Monophenolase (Tyrosinase), Orthophenokses (Cu-Proteins) (Poly- 



SURVEY OP SYSTEM OF BESMOLASES 


m 


phenol-oxidase^ Catechol-oxidase, Laccase); Paraphenolases (Pheiijlenedianime 
oxidase, indoplienol oxidase (closely related to the respiratory ferment or perhaps 
derived from it hj partial degradation of the bearer protein)). 

3 ) Lncif erase: Donator Liiciferin,, structure unknown. 

b) “Insoluble’’ Respiratory, Ferment. (Gytochrome oxidase), 

Pheohemin on a cell protein as bearer which is stated to be linked structurally to 
the cell but may be a macromolecular protein. Donator: One cytochrome component 
(probably cytochrome a). Related to indophenol oxidase and to cytochrome' a. 

B. Auxiliary Enzymes of Desmolysis* 

1. Hydratases and Related Enzymes. 

1) Pumarase (Pumaric hydratase), Crotonase. 

2) Aldehyde Mutases (Mutase of Dismutation, Ketone aldehyde Mutase (= Glyoxalase)). 

3) Mutases of Ketocarboxylic Acids (Kbebs), perhaps identical with Pyruvic Dehy- 
drogenase. 

4) Aspartase (= Pumaric Aminase (Jacobsohn)). 

il. Carboxylases. 

III. Carbonic Afihydrase. 

IV. Enzymes of the „Flrst Attack” on Sugars. 

Aldolase, Enolase, Hexokinase (Heterophosphatese, Phosphorjdase (Euueb)). 
Carboligase (Existence doubtful). 

V. Peroxidases. 

VL Catalases. 

VII. Redticases. 

Donator: Molecular Hydrogen. 

1) Azotases (Nitrogenases). Acceptor: Molecular Nitrogen (Buek). 

2) Hydrogenases. Acceptor: probably dehydrogenase systems, thiols, etc. 

II. Descriptive Chemistry of Enzyme System. 

Introduction. 

In order to appreciate the rate at which our knoAvledge of enzymes has progressed 
during the past decade it may be well to remember that Willstattee 1336a), in 1926, 
upon reviewing the facts then available, concluded that the enzymes are neither proteins, 
carbohydrates, nor members of any other well-known group of organic compounds. He 
introduced the important concept that an enzyme consists of a colloidal bearer and 
a prostheticgroup. Today we know the chemical structure of the prosthetic groups 
of a number of enzymes in detail; some of them have even been prepared synthetically. 
The knowledge of the structure of the colloidal bearers is by necessity limited to the degree 
to which the structure of proteins in general is known. At the present time, therefore, 
the structural chemistry of enzymes cannot as yet embrace the protein part of these 
catalysts. 

Several favorable circumstances have contributed to these recent advances in 
enzyme chemistry. One of them was the amenability of some of the prosthetic groups 
to spectroscopic study, another the photodissociation of the carbon monoxide compound 
of the respiratory ferment. In other instances preparative methods have yielded the 
prosthetic groups in pure and crystalline form and in amounts sufficient for chemical 
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study. A great difficulty in the field of desmolases has been and still is the fact that 
these enzymes, to an extent far greater than in the instance of the hydrolases, appear 
more or less linked to the structure of the living cell. Those enzymes which are said to be 
intimately bound to the vital architecture of protoplasm, eg. the respiratory ferment or 
the principle associated with the Paste0e-Metbkhop reaction and that which is respon- 
sible for nitrogen fixation perish with the death of the cell. 

A further fortunate factor was the discovery that certain vitamines, namely. 
Vitamin Bj, Vitamin B 2 (G), and the antipellagra principle, represent components of 
enzymes or, more specifically, of the prosthetic groups of enzymes. The demonstration 
of the formation of an enzyme by reversible union of the prosthetic group with the bearer 
protein in the case of the yellow enzyme (Thboebll, Kuhn) has led to a revision of the 
concept of coenzymes in general. Until then coenzymes, and cozymase in particular, 
had been generally considered to be activators of an enzyme complex (“apozymase”) ; 
no fundamental distinction was made between eozymase, for instance, and salts or 
other agents the presence of which is important for the activity of an enzyme. The new' 
coenzyme concept visualizes the coenzyme as the prosthetic group of the enzyme; what 
was formerly considered to be the enzyme proper is now recognized as a part of the en- 
zyme, namely, as the bearer protein. (See, however, Oppbnheimbe’s „SuppiiBMENT”, 
p. 1502). 

This change of concept has, unfortunately, created considerable confusion in the 
literature as to terminology. Should activators like glutathione which appears to be im- 
portant for glyoxalase action (Lohmann) still be termed coenzymes? Should the heme 
portion of certain enzymes which do not readily reversibly dissociate into their compo- 
nents also be designated as coenzyme? In view of this situation it may perhaps be better 
to abandon the term coenzyme altogether, although names like cozymase 
or cocarboxylase which designate specific chemical entities might still be retained. The 
prosthetic group of an enzyme could more appropriately be design ated as the “agon” 
and the bearer protein as the “pheron”, the whole compound as a “symplex” in 
accordance with suggestions made by Willstattbe and by Keaut. 

1) The Hemin Systems, 
a) General. 

Four important biocatalysts have thus far been recognized as hemin derivatives, 
Wakeueg’s respiratory enzyme, Kbilin’s cytochromes, peroxidase and catalase. Inas- 
much as our present knowledge of these substances is mainly due to spectroscopic measu- 
rements, either indirect or direct in nature, it is proposed to deal first with the absorption 
spectra of these catalysts and with their behaviour towards specific inhibitors and other 
agents. The spectroscopic observations refer mainly to the visible region of the spectrum, 
i.e. to the range from 400 to 700 millimicron; the absorption in the ultraviolet region is 
primarily due to the protein components of these enzymes and thus far has not yielded 
information beyond the fact that the typical absorption band of proteins around 260 to 
280 millimicron is shown by preparations of these enzymes. 

Absorption Spectra: 

The first absorption spectrum of any enzyme to be obtained was that of the respi- 
ratory ferment. It was measured by an indirect method specially devised for this purpose 
by 0. Wabbueg. The principle underlying this method and its theory appear of such 
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paramount importance for the problem of biological oxidation in general that it shall 
be treated in soihe detail. Besides the original papers of Wasbukg, the review articles 
by Ebid 974) and by Zeilb 1372a) shall be drawn upon for this exposition. 

Originally, Waebtjeg 1216a) conceived the “Kespiratory Ferment” as the sum of 
all catalytically iron compounds in the cell. In the course of subsequent work he was able 
to characterize it as a well-defined enzyme the active group of which is anchored to the 
cell structure; it contains ferric iron which oxidizes the substrates through the mediation 
of a number of intermediary catalysts. In accordance with this modification of concept 
Waebukg proposed to call the respiratory ferment henceforth “oxygen transferring en- 
zyme of respiration”. The term respiratory ferment, however, has been so firmly entren- 
ched in the literature that we shall continue to use it here, partly also for the sake of 
brevity. 

The type of linkage of the iron in the respiratory ferment was established by Wae- 
bueg’s fundamental observation (1221)) that the respiration of yeast, as measured in 
terms of oxygen uptake, is diminished by adding carbon monoxide to the atmosphere and 
that this inhibition is partly relieved by illumination; upon returning the cells to the dark 
the inhibition is restored. This can only be explained by assuming that the respiratory 
catalyst forms a complex with CO which is catalytically inactive and which is reversibly 
dissociated by light. Precisely this behaviour had previously been observed with carbon 
monoxide hemoglobin by J. B. Haldane and Smith and with iron pentacarbonyl by 
Dewae and Jones. Nickel carbonyl, on the other hand, was known not to be subject 
to photodissociation. Later, Waebueg and his associates observed the reversible photo- 
decomposition of CO-ferrous cysteine (Ceembe 191)) and of 00-hemoehromogens (Kebbs 
596)). The fundamental principle of photochemistry is that only that part of the radiation 
which is absorbed by the system can exert any photochemical effect. If the absorption 
spectrum of a compound is known it can therefore be predicted that that wave-length 
of light which will have the greatest photochemical effect on the substance will coincide 
with the absorption maximum as determined by speotrography. If, conversely, the 
direct absorption spectrum of a substance is unknown, the relative photochemical effi- 
ciency of monochromatic radiation of varying wave-length should permit one to obtain 
the “indirect” or photochemical absorption spectrum of the compound. This is of par- 
ticular importance where the concentration of the unknown substance is so low or where 
it is present in such complex mixtures with other light absorbing substances that direct 
absorption measurements would- not be feasible. Exactly this situation existed in the 
ease of the respiratory catalyst at the time when Waebueg carried out his classical 
photochemical experiments. The sensitivity of the indirect method could be rendered 
far greater than of the direct method because the effect of radiation on the catalytic 
activity of the enzyme was measured rather than on the chemical composition of the 
system. The determination of the relative efficiency of various wave-lengths of light on 
the CO-inhibition of cell respiration yields the relative photochemical absorption 
spectrum. Such a spectrum represents the true pattern of the absorption curve but it 
yields no information as to the absolute value of the extinction coefficients of the sub- 
stance at any wave-length. It is obvious that the greater the extinction at any given 
point of the spectrum of the substance the more rapidly will the photochemical action 
of the radiation at that wave-length manifest itself. The rate of increase in respiration 
upon illuminating CO-inhibited cells may thus be utilized to obtain the absoluteabsorp- 
tion spectrum. Other catalytically inactive pigments which may be present cannot inter- 
fere with the measurements since they do not participate in the photochemical process. 
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Theory of • Pho tochemieal Absorption Spectrum:;:;.:..- ; 

The fact that the respiratory ferment transfers ''bound oxygen'' implies that it 
may exist in two formSj an oxidiaed (or oxygenated) form and a reduced form. The bivalent 
iron of the enzyme (F-e) reacts with molecular oxygen in accordance with equation (1), 

Fe + O2 = Fe02 . . (1), 

where it' does not matter for the theory if FeOg as a labile intermediate is rapidly trans- 
formed into the final ferric form as long as the stability of the two forms (Fe 02 and 
Fe-v) differs appreciably. Furthermore, it is important for the theory should be 
that in normally respiring cells the rate of respiration independent of the oxygen 
tension down to very low values. This has been demonstrated experimentally for the 
case of micrococcus candicans and red blood cells by Warburo and his coworkers 
(1261)). Lately, however, the general validity of this rule has been challenged by workers 
who experimented with other types of cells. Thus Kbmpnbr 665a) finds that the respira- 
tion of various isolated cells, e.g. leucocytes, erythroblasts (but not non-nucleated 
erythrocytes), micrococcus candicans, pneumococcus, when undamaged and 
examined in their physiological environment, decreases with lowered oxygen tension. 
This variation of respiration with Og-tension is found in cells sensitive and insensitive to 
carbon monoxide and cyanide. For earlier work concerning this important problem the 
paper by Kempnbe should be consulted. Laser 706a) has recently measured the respi- 
ration of various tissues, e.g. retina, liver, Crocker mouse sarcoma, chorion, under low 
(5—20%) and high (100%) Og-tension. Except for liver he observed no significant 
change in the magnitude of respiration under these conditions. The respiratory quotient, 
though, is lowered under low oxygen tension. In discussing this important point it should 
be pointed out that the material with which Warburo experimented (Micrococcus 
candicans) was particularly favorable; the cells are very small and spherical in shape, 
thereby facilitating the condition of saturation with Og even at low partial Og-pressures. 
The question of diffusion of oxygen into cells assumes a particular significance when the 
material does not consist of single cells but of tissue slices. For this special case War- 


burg has calculated, by means of the formula d' = 




D 

8c^Y *)> limiting layer of 


thickness where, for any given Og-tension, saturation of all cells with oxygen is guaran- 
teed. If this limit is exceeded (in the case of liver slices, for instance, 0.2 mm.) quite erro- 
neous results may be obtained. As Friedheim 372) has pointed out any diffusible sub- 
stance which acts as an oxygen carrier will increase the oxygen uptake of the tissue slice 
by enabling the deeper layers to participate actively in the process. 

However, it can hardly be questioned that the condition of independence of respi- 
ration of oxygen tension was fulfilled in those cells (yeast, acetobacter) which served for 
the photochemical experiments of Warburg and his associates. Here, then, practically 
aU of the respiratory ferment may be taken to be present in the FeOg (or in the equi- 
valent Fe--*) form; the limiting factor in the respiratory rate is here the reduction of 
FeOg by the substrate. The inhibition of respiration by 00 is explained by the compe- 


Explanation of symbols: concentration of oxygen immediately outside the tissue 

slice (in atmospheres); A, rate of respiration of the tissue (in ec. per minute per cc. of tissue); D, dif- 
fusion constant of oxygen in the tissue substance (in cc. of Og under standard conditions per sq.cm, 
per minute when the pressure gradient is 1 atmosphere per cm.); and d', the thickness of the tissue 
slice (in cm.) at which the oxygen concentration at the centre layer of the slice is just zero. Accor- 
ding to Krogh, D equals 1.4 x 10*5 at 38®, 
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tition of the CO with Og for the iron of the ferment and the formation of a complex FeCO. 
The equilibrium between FeO^ and FeCO in the dark may be expressed by equations 
{2) to (4) in accordance with the law of mass action: 

FeOg B , 

ko2, (2) 


Fe-Oo Z 


FeCO 

Fe-CO' 


Zd 


^co> • 


( 8 ) 


where FeOj, FeCO, etc. are the concentrations of the reactions, B and Z and b and z<j 
are the formation- and decomposition constants of PeOa and FeCO respectively, k^g and 
kco the affinity constants. Equations (2) and (3) may be combined to yield equation (4) : 


FeOa-CO 

FeCO-0, 


B 

Z 


b 


K', 


Kco 


(4) 


Under conditions where the system respires at an appreciable rate the decomposition 
of FeOj is accelerated beyond the value of the “spontaneous” or “dark” decomposition 
constant, Z; this requires the addition of the term Z', corresponding to the “respiratory” 
disappearance of FeOj: 


FeO» CO 


B 


FeCO O 2 “ Z + Z' 


b 


k'oj 

Jkco 


Kd, (KdSK'd). 


(5) 


The relation to magnitudes which may be experimentally determined is established 
by the following considerations. If the respiration is partly inhibited by carbon monoxide 
only a fraction of the enzyme will exist in the form PeOg and the remainder in the form 
FeCO; the concentration of the reduced form, Fe, may be neglected, particularly in the 
presence of CO. Let us assume that the respiration in CO is decreased from to A^; 
the residual respiration may be defined as 

n, ....... (6) 




and the inhibition of respiration as 

A„- 


A„ 


1 - 


-Qd 


(7) 


The relation of the residual respiration, n^, to the inhibition of respiration, 1 — ^n^, 
corresponds to the ratio of the concentrations of the active form FeO^ to the inactive 
form FeCO: 


FeO, 


Dd 


( 8 ) 


(9) 


FeCO l—n/ ' ' ‘ ’ ’ ‘ 

Consequently, the equation of distribution (5) assumes the form 

nd CO _ ^ 

l-Ud ■ O2 “ 

AU terms on the left hand side of equation (9) may be experimentally determined: n is 
found by the manometric measurements of respiration and the concentrations of the 
gases are determined by gas analysis. In the event that the cells are not saturated with 
substrate which may be recognized by a comparison with the value of the maximal 
respiratory rate which may be attained under optimum conditions, equation (9) is to be 
replaced by the more general relation 
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where s is the degree of saterafcion of the system with substrate. If it is ascertained that 
the oxygen tension is not decreased below the limit required for the maintenance of the 
full rate of normal respiration and that the cells are saturated with substrate, it is found, 
in agreement with equation (9), that the degree of inhibition depends solely on the ratio 
of oxj'gen to carbon monoxide and is independent of the absolute concentrations of 
Og and CO; upon diluting a given CO/Og gas mixture with an inert gas, e.g. nitrogen or 
argon, the degree of inhibition remains unaltered. 

The above relationships hold for the CO inhibition in the dark only. Upon illumination 
the CO-compound of the ferment, but not the Og-compound, suffers a reversible photo- 
chemical dissociation which augments to the extent z' (photodissociation constant) the 
dissociation due to spontaneous dissociation, (dark dissociation constant). This leads 
experimentally to an increased oxygen consumption in light and theoretically to the 
“light-distribution equation” (10): 

Z + Z' b .......{) 

In analogy to equation (9) w^e obtain for the "light-state”: 

^ = Kh ............ . (11) 

1 Iljj O 2 

If by ^liglit-sensifcivity”, L, is understood the increment by which the dark-dissooiatioii 
constant, is changed per unit light intensity, i,- absorbed by the system, we 
■■obtain ■ 

r Kk-K, 

^ - Ka-i “ K^-i ' ‘ ' ' ' ' ' ' ‘ ‘ ' ‘ 

From equations (10) and (5) there follows 



The dependence of the photochemical dissociation constant on the amount of light 
energy absorbed is furnished by the following considerations* It is obvious that the 
amount of light energy absorbed, under monochromatic conditions of illumination, is a 
function of the absorption coefficient, jS, of the absorbing substance for the wave-length 
of light employed. The complete absorption spectrum of a substance is defined by the 
sum of the /^-values for all wavelengths. 

The amount of light energy in cal. absorbed by a certain amount of the carbon 
monoxide ferment complex per time unit (min,), when irradiated with monochromatic 
light of the intensity i under conditions of small total absorption, i.e. if i is constant 
throughout the solution, is 

i * q * jg • c * d (cal/min) (14) 

wTiere q represents the cross section, d the layer of thickness, and c the concentration of 
the compound. In order to express the light energy absorbed in terms of quanta, the 
product (14) is divided by h ’ (h, Planck’s quantum constant, the frequency of the 
radiation); assuming that one quantum of light absorbed will dissociate one molecule 
PeCO, and introducing Avon ao bo's number, the number of photochemically decomposed 
molecules is 
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The fraction of the total FeCO (= q * d • c) dissociating in unit time, is obtained bj 
dividing expression (15) through q * d * c: 

, i " ^ 


If this is substituted in equation (13), taking equation (12) into account, we obtain 

. A K /i 


There follows for constant v\ 


Conversely, we obtain for constant i 


Equation (18) is suitable for testing the theory and equation (19) is suitable for the deter- 
mination of the relative absorption spectrum. 

If the dark dissociation constant, z^, of PeCO is known, the absorption coefficients, 
may be calculated with the aid of equation (17). Since is related to the rate of 
change in respiration upon illumination and darkening, the determination of that rate 
provides a measure for z^, z', and, furthermore, for Inasmuch as the experimental 
measurement of the acceleration of respiration upon changing over from dark to light 
is difficult to perform, the system is exposed instead to intermittent illumination; the 
ensuing stationary state is not identical with the mean of the respiration in the dark and 
in light because the decrease in respiration in the dark occurs more slowly than the acce- 
leration of respiration in light. In this procedure the dark and light periods are of the 
order of one minute. If the oxygen uptake is followed under these conditions, a curve 
of roughly the shape shown in Pig. 2 (1368)) is obtained. 

The amount of absorbed during a certain time interval is represented as the 
integral by that area which is en- 
closed by the time ordinates, the r- ~ “““■ ” 

abscissa, and by the curve drawn Afi ' ' " \ 

in the figure. If the light and / I 

dark periods, t, are permitted to / \ 

become very large so that the ^ I \ 

horizontal parts of the curve be- L 

come very long, Ai, the average 

respiration during light plus dark 

period, can be obtained with the 

aid of equation (6) by expression 

pi::;;::,;::;.: ■ ^ fie// ifmM/ 

A . (20) if 

A ^ Fig. 2. Course of CO-inhibited respiration with intermittent 

If, on the other hand, light and illumination (Waebceg and Negelbik 1868)). 
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dark periods follow each other at a suitably faster rate, a state is established which is 
defined by the equation 


Od + (Ph — Dd)^ _ e ^ /21) 

Ao 2 • P 2 t 

The value for p appearing in the bracketed additional term is found by trial and error 
with the help of equation (21) where all the other magnitudes may be experimentally 
determined. For Zd a relation containing p may be deduced: 

Zd = P 

If the value is substituted in equation (17), we obtain 


= L -P - -h -p, (23) 

1 — 

wiiereby jS becomes amenable to experimental determination. 

Experimental Method: 

Only a bare outline of the technique involved in the determination of the photo- 
chemical absorption spectrum can be given here; for details the original publications 
(616, 1371, 1268, 1270)) should be consulted. In principle it is always the disappearance 
(oxygen uptake) or the production (COg, CO) of gas which is measured by the sensitive 
differential manometric method. In accordance with the mathematical development 
given above, the following determinations are required for obtaining the relative 
absorption spectrum. The respiration of the cells under investigation, e.g. yeast or acetic 
acid bacteria, is measured in air as well as in a suitable 00/ O^ mixture in the dark; the 
composition is so chosen as to obtain an inhibition of respiration of about 80 %. The 
values thus obtained permit the calculation of the dark-dissociation constant, n^i. The 
system is then exposed to strong monochromatic radiation (intensity of the order of 
10-2 caL per min.) of varying wave-length. Therate of respiration, measured under these 
conditions, is an index ofthe light-dissociation constant, Hji. When the relative spectrum 
has been measured, the absolute absorption spectrum may be obtained by determining 
the absorption coefficient for only one wave-length; A = 436 millimicron was chosen 
because the effect of the radiation is very great at that wave-length. The deter- 
mination of the light-sensitivity for this point is carried out as indicated above. 
In order to obtain the value forp according to equation (21) the system is first con- 
tinuously irradiated with white light and subsequently with intermittent light of the 
same intensity. The dark and light periods last about 1 min. each. The n'^^^ -value as ob- 
tained from the respiratory intensities observed under these conditions is different and 
independent of n^,; it serves for the calculation of p. In concluding the experimental 
series the respiration is again measured in CO 2 /O 2 in the dark and in air in order to as- 
certain that the cells have not been damaged in the course of the procedures. Throughout 
the experiments the temperature is kept as low as possible (0 — 10®) so as to increase the 
light-sensitivity of the system. This dependence of light-sensitivity on temperature is 
to be expected on the basis of the theory given above: The photochemical decomposition 
of the carbonyl complex, just like other photochemical reactions, is independent of 
temperature, whereas the '"dark’’ or spontaneous decomposition of FeCO, like ordinary 
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chemical reactions, exhibits the usual dependence on temperature. Consequently, with 
decreasing %-vaIues upon lowering the temperature, the value of the ratio representing 
the light-sensitivity (equation 13) increases as the temperature is decreased. The mag- 
nitude of this effect is illustrated by the fact that the light-sensitivity of the OO-respira- 
tory ferment complex at 0® is 4.5 times greater than at 10°; the specific photochemical 
dissociation of CO-protoferrohemochromogen at 40° is 52 times smaller than at 0°. It is 
obvious therefore that a decrease of the experimental temperature is equivalent to an 
increase of the intensity of the light-sources employed. The limiting factor here is, of 
course, the effect of low temperatures on living cells: with wild yeast or acetic acid 
bacteria (616)) as the object, a temperature of 10° could be maintained, while with retina 
the temperature had to be raised to 20° (1372)). 

Tests of the Theory: 

Inasmuch as the main value of the procedure Just outlined rests on the ability to 
obtain the absorption curve of a substance which cannot be measured by direct methods, 
evidence was required to show that the photochemical absorption spectrum is identical 
with the directly determined absorption spectrum. This proof was furnished by the study 
of other iron-carbonyl compounds. The oxidation of cysteine by molecular oxygen is 
catalysed by pyridine and nicotine hemochromogen (Krebs 696)). This catalysis is rever- 
sibly inhibited by CO which combines with the ferrohemochromogen to form an inactive 
complex (596)). In this case it is possible to determine both the photochemical absorption 
spectrum by the method outlined above and the direct absorption spectrum by the 
conventional methods (photoelectric spectrophotometry, spectrography, etc.). These 
two spectra were found to be identical. 

Another important test of the theory has been performed with the aid of the 00 
compound of ferrous cysteine. Since it is possible to prepare sufficient amounts of this 
complex, the actual pressure developed by CO upon photodissociation of the molecule 
could be measured instead of the more indirect effect of radiation on its catalytic 
activity. It was found that one quantum of light will dissociate one molecule of the CO 
complex (191)), In the case of CO-ferrous cysteine this leads to the liberation of two 
CO molecules. CO-pyridine ferrohemochromogen will yield only one molecule of CO: 

T*e-cysteine(CO )2 + h-v == Fe-cvsteine + 2 CO 

Fe-pyridine hemochromogen(CO) + h-F = Fe-pyridine hemochromogen + CO. 

Thus the validity of Einstein’s equivalence law is established for this reaction typo. 
The spectrum of CO-ferrous cysteine as determined by direct measurements coincides with 
the photochemical absorption spectrum of the compound as determined by plotting 
the amount of CO split off against the wave-length of light employed (191)). 

Comparison of Light-Sensitivity of C 0- Compounds: 

The light-sensitivity of iron carbonyl compounds is somewhat related to the affinity 
of the various iron derivatives to CO. Several methods exist by which the affinity may 
be determined. One of them consists in determining the concentration of CO at which 
other components like 0^ are displaced from the iron molecule surface, another in in- 
creasing the CO-concentration until a reaction catalyzed by the iron compound is 
markedly or completely inhibited. Thus it was found that the cysteine oxidation as 
catalyzed by protoferriheme (hematin) is inhibited by CO to about the same extent as 
the cell respiration which is catalyzed by the respiratory ferment. The oxidation of 
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eystei»e when catalyzed by pyridine or nicotine ferrohemochromogen, on the other hand, 
is appreciably more sensitive to CO, The affinity of ferrocysteine to GO is so small that 
its catalytic effect on the oxidation of cysteine is not affected even when the CO concen- 
tration reaches 95 per cent. The' affinities of the respiratory ferment and of hemoglobin 
to CO and O 2 respectively are shown in the following table: 

TABLE 6. 


GO/02-Affinity Eatios . according to Warbup».g: 


Eespiratory Ferment 

(Yeast) j 

1 Hemoglobin 

PeOa CO „ 

HbO, 

00 „ 



CV3 0.01 

PeCO O 2 

HbCO 

02 

I’eOg ^ _ 

HbOa 

oj 50 

wTr ^ 2500 

Fe P 02 

Hb P 02 


The light-sensitivity of the CO-complexes, too, varies greatly. The CO-ferrohemo- 
chromogens show about the same light-sensitivity as the CO-compound of the respira- 
tory ferment; CO-hemoglobin and CO-heme have a low light-sensitivity while the ear- 
bylamine compound of CO-hemogiobin is highly sensitive (1378)). According to equation 
(17) a great light-sensitivity expresses itself by a small dark-dissociation constant z^* This 
constant has the value of 0.029 for the case of carbylamine CO-hemoglobin (1278)) and 
0.5 for the respiratory ferment at W (616)). In the former instance the large light- 
sensitivity could be ascertained by two independent methods, namely, (1) directly by 
the experimental determination of the magnitudes on the left hand side of equation (17) 
and (2) with the aid of jS and of the dark-dissociation constant z^, on the basis of the 
quantum relationship mentioned above. The validity of the mathematical theory is 
I'hat both methods yield values for the light-sensitivity agreeing 

with each other. 

Direct Spectroscopy of Hematin-Gontaining Enzymes: 

The first hematin catalysts which were found amenable to direct spectroscopy 
were the histohematines of McMunn, later rediscovered and renamed by D. Keilin as 
cytochromes a, b, and c. Whether or not all or some of these cytochromes are to be clas- 
sified as true enzymes or rather as non-enzymatic catalysts or carriers is still open to 
debate. The first undisputed hematin enzyme to be studied by the spectroscope was 
catalase (Zeieb et al. in 1930)). In 1938 and 1934, Warburg and his associates reported 
that the long- wave absorption bands of the respiratory ferment may be observed directly 
with the spectroscope in certain micro-organisms under suitable conditions. As will be 
shown below this claim has been and still is questioned by Keilin. The latest enzyme 
to be obtained in sufficient concentrations to become measurable by spectroscopy is 
peroxidase (Keilin and Mann (in 1937)). 
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Position of Absorption Bands in the Visible Region: 

Once it has been established that the position of an absorption band of a hematin 
derivative is independent of the method by which it has been determined, we may 
freely compare bands of the various substances without further consideration of the 
technique employed. 

The chief interest attaches itself to the position of the bands rather than to 
their absolute height, i.e. to the extinction at the maximum. The reason for this is 
that the position of the absorption bands is a characteristic constant for a heme deri- 
vative and that it allows one to draw certain inferences as to the structure of the heme 
and of the nitrogen base (or protein) with which it is combined. The main absorp- 
tion band of hematin biocatalysts is situated in the far violet region just as the main 
band of hemoglobin (Soebt band) and other hemochromogens. The position of the 
main bands of the enzymes and of certain non-enzymatic heme compounds are 
listed in Table 7. 

TABLE 7. 

Position of Main Absorption Band (y-Band) of Enzymatic and 
Certain Non-enzymatic Heme Proteins: 


Substance 

State of 
oxidation 

Addition 

Method 

Main 

■Band' 

m 

Literature 

MacMunn’s Mstohematins . 
(Cytochromes a, b, and c) 

reduced 

None 

Direct 

414-420 

430—435 

446—452 

Warbueg and Ne- 
GELEIN 1273,1274) 

Cytochrome-c 

oxidized 

None 

Direct 

407.5 

Keilin et al. 214) 


reduced 

None 

Direct 

415 

Theorell 1156, 

1157) 

Respiratory Ferment ...... 

(Yeast, Acetobaeter) 

reduced 

CO ' 

Photochem'. 

433 

430 

Warburg ' 1233) ' 
Warburg and Nege* 
LEIN' 1268, 1270,, 1271) 

(Bac. pastenriannm) 

reduced 

GO 

Direct 

430 

) Kubowitz and Haas 

(Torula utilis 4- lO"") ■. . . . 

reduced 

CO 

Photochem. 

427—436 

( „ ,, -f o.n ..- 

.reduced 

CO 

Photochem. 

■ 430 ■ 

) 616) 

Spirographishemoglobin 

reduced ; 

CO 

Direct 

' 434 ' . 

\ ■ , , 

' ■ :^(artificiaF compfe);/ 





1 

'BpirograpMsliemoglobin' . . 

'reduced,;'' 

None 

„ ' Direct' 

, 445' '■ 

1 

Chlorocruorin 

'■reduced ■'„', 

■/GO: 

Direct; 

■.,', .,439 ■' 

i Warburg and Nege- 

Chlorocruorin 

reduced 

y'.Mom.' ■■' 

' Direct 

449 

} ■':''' ■;';:lbin;,:127'5)' 

Fheohemogiobln-6''...:'-:.... . 

reduced 

■ CO 

Direct 

435 

(artificial complex) 





■ j 

Pheohemoglobin-b 

reduced 

None 

Direct 

445 

/ 

Hemoglobin 

reduced 

CO 

Direct 

420 

Kubowitz and Haas 
616) 

Pheophorbid-b-hemoglobin . 

reduced 

CO 

Direct 

442 

Warburg and Nbge- 
LEIN 1275) 

Peroxidase. 

reduced 

None 

Direct 

415—420 

Kuhn, Hand and 

Floekin 640) 

Catalase 

oxidized 

None 

Direct 

409 

Itoh 501, Stern 

1088) 

Free Protoferroheme 

reduced 

CO 

Direct 

0O410 

Warburg and Nege- 
LEIN 1271) 
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An inspection of the table shows that the main absorption band of the CO compound 
of the respiratory ferment of yeast (Torula utilis) and of acetic acid bacteria (B. pasteuria- 
num) is located at 430 mp,. Both Table 7. and Figure 3. demonstrate that the position of 
this band is shifted towards the red region as compared with the Soret Band of the 00 
complexes of the red hemins and of their hemochxomogens (e.g. protoferroheme and 
ferrohemoglobin). The main bands of the CO compounds of green hemins and their 
derivatives, on the other hand, are situated even further towards the red range than the 
band of the enzyme. Although the general pattern of the spectrum of the ferment at 
once established its heme nature, it was also evident that the heme contained in it is very 
likely neither a red nor a green hemin. Casting about for heme derivatives of a more 
similar absorption spectrum Warburg noticed the striking similarity with chloro- 
cruorin, the respiratory pigment of the spirographis worm. This pigment contains a 
prosthetic group, spirographis hemin, in combination with a protein. While, in prin- 
ciple, it is modeled after the hemoglobin pattern, both the heme and the protein are 
different from the corresponding components of the vertebrate blood pigment. Not long 
before the charting of the spectrum of the respiratory ferment by Warburg, the properties, 
among them the absorption spectrum, of ehlorooruorin had been studied by Muneoe 
Fox 351). The most interesting property of this pigment is the change in color upon 
varying the layer of thickness or the concentration of its solutions: in transmitted light 
the pigment appears green in thick layers (or concentrated solution) and red in thin 
layers (or dilute solutions). This dichroism led to the designation of spirographis hemin by 
Warburg as mixed-colored (green-red) hemin. The spectroscopic similarity between 
the enzyme and chlorocruorin prompted Warburg to undertake a more detailed study 
of the spirographis pigment. In collaboration with Negelein 1375) it was found that the 
prosthetic group, spirographis hemin, with globin yields a synthetic product with an 
absorption spectrum still more closely related to the enzyme spectrum (Table 7). 

The difference in the spectrum of the artMeial spirographis hemoglobin and of the 
natural pigment, chlorocruorin, bears out the statement of Eoche 467a) that the bearer 
protein of the latter is different from globin. The results of the chemical study of the 
structure of spirographis hemin by Warburg and by Fischer will be discussed further 
below (p. 167). The subsequent discovery of other mixed-colored hemins and the exami- 
nation of the spectra of their combinations with globin by Warburg and Negblein 
1376) has brought about the recognition of these hemins as a group distinct from both 
the red and the green. They are now called pheohemins; undoubtedly the prosthetic 
group of the respiratory ferment is a member of this group. 

The main absorption band of cytochrome (also called histohematm of MacMunn) 
was first observed by the visual spectroscopy of bee’s vring muscles by Warburg and 
Negeiein 1373). After screening off the red and green part of the spectrum by suitable 
filters they observed three absorption bands in the blue-violet region with maxima at 
approximately 450, 430 and 415 m p corresponding probably to the a, b, and c-eom- 
ponents of cyioehrome respectively. A little later the same workers were able to photo- 
graph these bands with the aid of a glass spectrograph of small dispersion (1374)). The 
band at 415 m p. was later observed by Dixon, Hire and Kbilin 314) in solutions of 
purified cytochrome-e in the reduced form. The corresponding band of the oxidized 
(ferric) form is situated still further to the shortwave region. As may be seen from 
Table 7. the position of the band of reduced cytochrome-c approaches closely that of 
protoferroheme. Subsequent chemical work by Zbilb and Ebutbe 1379) has proven the 
intimate relationship of the eytochrome-c porphyrin to protoporphyrin IX. 
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The fact that the main absorption band not only of protoheme and. of cytoehrome-c 
but also that of peroxidase after rednction with Na 2 S 204 (Kuhn et al 649) and of catalase 
(Itoh 501), Stern 1088)) are located near 410 m fi, already suggests that all of these 
compounds possess the same or a closely similar prosthetic group, viz. protoheme. 
It will be shown below that this is indeed the case. 

While the position of the main or short-wave absorption bands of the four hemin 
enzyme systems appears well established and generally accepted, the interpretation of 



Fig. 3. Absorption Spectra of the Bespiratory Enzyme Spirographishemin proteins and Cytochro- 
me c in the Visible (400 to 640 m /x). Abscissa: Wave-length; Ordinate: Absorption coefficient. Curves: 

X X CO-Eespiratory Enzyme (W abbubg et al.) 

+ ...... 4 - CO-Spirographis hemoglobin. 

^ ^ CO-Chlorocruorin 
o o Cytochrome c (Ejsjilin et al.) 

the numerous long-wave absorption bands (in the red, yellow, and green region) which 
have been observed in solutions of these compounds and in various tissues and micro- 
organisms is still somewhat controversial. A number of such observations has been col- 
lected in Table 8. In some instances the effect of certain reagents and of temperature on 
these bands has been included. Slight differences in the position of these bands may 
be due to the subjective factor involved in visual observations and to variations in the 
biological material used (strains, age, conditions of culturing, etc.). Hence no significance 
may be attached to them. The s. 7 mbol ' — ” signifies "'not determined”, the symbol "'0”, 
''Band disappears”. 

Oppenheimer-Stern, Biological Oxidation 
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Let iis'fkst' consider spectrum of the cytochrome system as it has been described 
in different cells (e.g. bee’s wing muscle, bakers yeast, frog muscle, etc.) by D. Keilin 
536) who was following up the early work by the naturalist MacMunn. In anaerobic 
bee muscle he observed a spectrum of reduced cytochrome with four long-^wave bands, 
at about 604, 566, 560, and 621 m fi. He designated these bands with a, b, c and d m the 
order given. This terminology has created a certain confusion since Keilin himself 
could show that the a, b, and c band represent the a-band or long-wave band of the three 
cytochrome components a, b, and c respectively while the d-band probably consists of 
three fine bands in close proximity or even superposition which represent the p-bands of 
the three cytochromes. These relationships are illustrated in Fig. 4. The y-or main 
bands of these catalysts are the three bands found by Wakbtjbo and Neoelbin in the 
violet region which have already been mentioned. 

Eulbb and his associates (387)) confirmed the position of the cytochrome bands in 
yeast cells. They improved the technique of direct examination of these spectra and 
developed it to a quantitative method for the intracellular determination of cytochrome. 
The position of the cytochrome bands changes little from one object to the other. The 
relative intensity however will vary considerably, and in some instances one or the other 
of these bands seems to be completely absent (Keilin 636), Tamiya and Yamaoutchi 
1135)). 

From, a spectroscopic point of view 
the component a is at the same time 
the most complex and the most interesting 
of the three. In many cells the typical 
a-band at 606 mja is missing; instead, 
bands around 590 or 680 m (m are found. 
These atypical cytoehrome-a bands have 
been designated as and ag-band respee- 
. -d-a- jn w tively and have been charted for a num- 

Absorption Bands in Bakers’ Yeast according to pathogenic bactena by Fujita and 

Keilin 540). Kodama 381a). The intriguing feature 

of the a^i^-band near 590 mfi is that it is 
located precisely where Wabburg and 
his collaborators found the a-band of the respiratory ferment by the photochemical 
method. The a^-band both in baker’s yeast (Warburg and Haas 1360) and in acetic 
acid bacteria (Wabbueg et al. 1280, 1377) behaves both with regard to its position at 
590 to 593 mfi and to its reaction with CO and HCN as would be expected from the 
long-wave band of the ferrousformof the respiratory ferment (see Table 8). The ag-band in 
a z 0 1 o b a e t e r, though differing in position from that of Warburg’s respiratory ferment, 
being situated in the red instead in the yellow, reacts exactly like the latter enzyme 
with cyanide and carbon monoxide (880, 1380)) (see Table 8). As a rule the a-bands of 
the ferrous forms of red heme derivatives are found at 570 m or below, those of mixed- 
colored hemins around 580 to 595 m and those of green hemins beyond 600 m /x. 
On the basis of this classification the band in azotohacter, ascribed by Warburg to the 
respiratory ferment, would be caused by a green hemin derivative. Unfortunately, the 
photochemical absorption spectrum of the respiratory ferment of azotobacter has as 
yet not been determined. This experiment should provide decisive evidence for or against 
Warburg s claim that it is possible to see the spectrum of the ferment in living cells 
with the spectroscope. Such evidence is particularly required in view of the criticisms and 
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objections raised by Kbilin 543, 541) against Warburg’s interpretation of his experi- 
mentalljr undisputed observations. Kbilin insists that the various bands observed 
directly by Warburg are not those of the respiratory enzyme but those of more or less 
modified cytochrome-a derivatives. Very recently Kbilin and Hartebe 560) have 
reported further observations . The new evidence suggests that the band of cytochrome-a 
at 605 m ft belongs to two slightly different hemochromogen compounds having the same 
heme nucleus. One of these compounds, called a, is not autoxidkable and does not com- 
bine with KCN or 00, while the other, called %, is autoxidizable and will combine with 
both reagents. In this respect it resembles the components a^ and ag which occur only 
when component a is absent. The CO-compoimd of has its absorption band at 593 m ft 
and, according to Kbilin, may be responsible for the absorption band found by Warburg 
in the photochemical absorption spectrum of the respiratory ferment. However, the 
cytochrome component % cannot be identified with the respiratory ferment (cytochrome 
oxidase). Three possibilities with regard to the chemical nature of the latter are discussed 
by Kbilin and Hartbbe: (1) The enzyme may be a hematin-protein compound similar 
to cytochrome-a but spectroscopically invisible due to its low concentration in the living 
cell; (2) the enzyme may be an iron-protein complex devoid of porphyrin; (3) the enzyme 
may be a copper-protein. The last assumption, while not supported by direct experimen- 
tal evidence, appears to be favored by several considerations: Copper salts have been 
found by Kbilin to be the only simple metal salts capable of rapid oxidation of all three 
cytochrome components, the addition of copper salts to nutrient media and diets will 
increase the cytochrome-a and the indophenol oxidase concentration of plant and animal 
cells (Elvbhjbm 176a)), the intensity of the indophenol reaction given by tissues is 
roughly paralleled by their copper content, and finally the respiratory enzyme resembles 
somewhat in its behaviour the polyphenol oxidase of plant cells which has recently been 
demonstrated to be a copper-protein (see p. 181). 

It is interesting to note that Eochb and BfixiivBNT 993) have expressed views 
concerning the cytochrome-a complex quite similar to those put forward by Kbilin 
and Hartrbe. They assume that cytochrome-a consists of three components, viz. a, 
and and that and a possess a hemin grouping analogous to that of the respiratory 
enzyme. This would explain why and the ferment show the same typical bands, oc = 
585 to 590 mft and p = Oo 525 m ft. 

According to Warburg 1234) it is also possible that the band in the yellow as ob- 
served in acetic acid bacteria and in baker’s yeast which is slightly shifted by 00 to 
593 mft is due to an intermediary oxygenation product of the ferrous form of the respi- 
ratory ferment. Such a complex would be analogue to oxyhemoglobin. This view is 
supported by the observation made by Warburg and Negelein 1375) that the addition 
compounds of oxygen with certain artificial "‘hemoglobins”, e.g. spirographis hemoglobin, 
do not exhibit two absorption bands in the green like oxyhemoglobin but only one 
absorption band in the long-wave region. Warburg assumes that this loose addition 
compound changes spontaneously into the ferric form of the enzyme (analogous 
to methemoglobin), rapidly in the ease of acetic acid bacteria and slowly in that 
of baker’s yeast. The band in the yellow can hardly be caused by the ferric form of 
the enzyme itself since all known ferric compounds absorb specifically in the red 
region. Only in the ease of azotobacter do we find the ferrous form showing 
absorption in the red. 

Upon oxidation all of the sharp cytochrome bands fade. There remain faint sha- 
dows at 520 to 540 m [i and at 550 to 570 iBft (636)) with a maximum at a = 566.6 m /x and 
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jS = 528.7 m /i (723)). This is equivalent to saying that upon oxidation only the a-band 
of cytochrome-b and probably its /S-band are retained. It be may added that the b-compo- 
nent, in general, appears to be the most stable and the a-eomponent the most labile 
against oxidizing agents. Urban 1130) reports that in aerated, washed, respiring cells 
of baker’s yeast at 6°, 26° and 34° only a-band of cytochrome-b at 565 m (j. and a 
weak band at 535 to 545 m [i are visible. Upon adding glucose no change is detected 
at 6°. If the temperature is raised and the reduction thereby accelerated, at 26° the a-band 
of oytochrome-c and at 34° also that of the a-component will appear. In addition, also 
the weak /S-bands at 537 and 523 m [i become detectable while the band of the oxidized 
cytochrome at 635 to 545 m { i , ascribed to ferrieytochrome-c by Urban, fades away. It 
would appear, however, that the faint absorption observed in the oxidized state at 535 
to 545 m fi belongs to the b-component rather than to c, inasmuch as Keilin et al. 214) 
have measured the spectrum of isolated ferricytoehrome-c and have found bands at 
530 and 568 m /a. In the reduced state they found, in addition to the simple a-band at 
550 m /It, a complex /S-band with a maximum at 520 m /i (see Table 8). In strongly alkaline 
solution the spectrum of the ferroform remains imaltered while the ferriform has two 
bands, at 525 to 545 miu. and at 570 to 580 mu (Theorell 1166, 1157)). The bands 
observed in moulds by Tamiya 1132) and ascribed by this author to the free intracel- 
lular hematin of Keilin, may in fact be caused by ferricytochrome-b. The same holds 
probably for the bands seen in adrenal tissue by Eosenbohm 1004). 

It is this difference in stability against oxidation and other agents 293) and the 
variation in the relative concentration of these three components which has undoubtedly 
materially contributed to the reigning confusion with regard to the assignment of certain 
absorption bands to the various cytochromes or to the respiratory ferment. In general it 
may be said that the a-bands of the reduced forms can today be attributed to individual 
pigments with a little more assurance than the ^-bands. The bands at 540 m /a. and at 
524 m /i in B. pasteurianum, for instance, have been attributed to the 00-compound of 
the respiratory ferment by Ktjbowitz and Haas 616) though the final proof for this is 
still lacking. 

The spectroscopic study of living cells and of cell-free extracts has lately become 
even more complicated by the work of E. Lemberg on bile pigment hemochromogens. 
He has shown that, in the course of the transformation of blood pigments to bile pigments, 
the first step consists in the oxidative scission of one methin (—OH—) bridge with the 
formation of a 00 and a COH-group in the two adjacent pyrrol rings (711a)): 
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An open tetrapyrrolie chain, typical for the bile pigments, is thus formed. However, 
the central iron atom, by virtue of valency forces acting upon the pyrrolic nitrogen atoms, 
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maintains the ring structure of the molecule. These bile pigment hemoohromogens 
behave much like ordinary hemochromogens and have, in fact, been mistaken for 
hemochromogens. Warburg and Negblein 1372a), for instance, who obtained a green 
product from blood hemin by a treatment involving oxido-reduction, considered it to be 
a green hemin, i.e. a hemin comparable to those, obtained from chlorophyll by substi- 
tuting iron for magnesium. Lemberg 711a) could show that their compound is actually 
a verdohemoohromogen consisting of the iron complex salt of biliverdin with pyridine 
as the nitrogeneous base. Corresponding compounds with globin as the nitrogeneous 
constituent have recently been described by Lemberg and Wyndham 711b) and by 
Edlbacher and Segessbr328) 

The opening of the ring structure renders the iron labile in these bile pigment hemo- 
chromogens. Once the metal is removed, the pyrrolic structure will '^uncoil'' into a 
straight chain, and the properties characteristic for bile pigment derivatives will become 
manifest. 

The occurrence of bile pigment hemochromogens (verdohemochromogens) in various 
biological materials, e.g. in purified catalase preparations from horse liver, in purified 
preparations of cytochrome-c from baker’s yeast ****), and in blood extracts has been 
demonstrated by Lemberg and Wyndham 711c). The important point here is that most 
of these pigments have absorption bands in the red region of the spectrum (see Table I. 
in Lemberg and Wynd ham’s publication) and that these workers suggest a relationship 
between this class of compounds and the absorption bands near 680 m jti which are 
found in the ‘"cytochrome” spectrum of several bacteria. This is the ''eytochrome-a^”- 
band of Azotobacter, Acetobacter, B.coli and of various pathogenic intestinal bacteria 
(Negblein and Gerisohbr 80), Keilin 541, 542), Pujita and Kodama 381)). Lemberg 
and Wyndham 711c) point out that the spectroehemical properties of the cytochrome-a^i 
band bear a striking resemblance to those of biliviolinhemochromogens. Biliviolins are 
a group of isomeric compounds, probably differing only in the situation of the double 
bonds in the molecule, which arise through dehydrogenation of biliverdins. The corre- 
lation of the various groups of bile pigments, then, is as follows; 

Oxidation Dehydrogenation 
Bilirubin - — >■ Biliverdin ^Biliviolin. 

Like biliverdin, biliviolin will form complex salts with iron and with other metals. 
The zinc complex salt of biliviolin is characterized by a strong red fluorescence. These 
metal complexes, in turn, will combine with nitrogeneous compounds like pyridine to 
form biliviolinhemochromogens. Like the band of cytochrome-a^, the absorption band in 
the red of the biliviolinhemochromogens is shifted towards the infra-red by oxidation 
and is immediately destroyed by ammonium sulphide. 

It may be, of course that the occurrence of bile pigment hemochromogens in biolo- 
gical sources has no other significance beyond the fact that they represent intermediates 
in the biological break-down of heme derivatives. On the other hand, the behaviour of 
the ''cytochrome-a 2 ”-band in azotobacter toward CO and HON (Negblein and Geri- 
SCHBB 880)) which suggests a close relationship to the respiratory ferment of Warburg 
and the interesting catalytic properties of bile pigment hemochromogens in vitro (Lem- 
berg et al. 711b)) make further studies of the biological function of bile pigment hemo- 
chromogens highly desirable. 

^') See also Barkan and Sohales 70a). 

**) Such absorption bands in the red had previously been noted by Bigwoob et al. 114) in 
solutions of cytochrome-e obtained from bakers yeast by the method of Hill and Keilin 486), 
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The position of the absorption bands of catalase and of peroxidase will be found 
■listed in Tables 1 and. 8 , Although some of these bands are located in the same region 
’ as" some of the cytochrome bands, this fact has not yet caused any serious confusion 
( 1 ) because the concentration of these enzymes in living cells is too low to permit a 
direct visibility of their spectrum without previous purification and concentration pro- 
cedures and ( 2 ) because these enzymes may readily be separated from cytochrome in 
preparations and may also be identified in mixtures by their typical spectroscopic and 
catalytic properties. 

The spectrum of purified catalase preparation from horse liver or cucumber 
seeds, according to the pioneer work of Zeilb and Hbllstbom 1377, 1371), sliow^s three 
absorption bands in the visible, viz.: 

I. 620 — 649 m ft; II. 530 — 550 m ft: III. 490 — 510 m ft 

"^"629^ "**540^ ""^0^ 

The position of these bands was determined by visual spectroscopy and by photography- 
Keilin and Habtree 548) obtained, with the aid of the reversion spectroscope of 
Habtbibgb, the values 506.5 m ft, 544 m ft, and 629.5 m ^ for the peaks of the bands, 
while Steen 1088), on the basis of records obtained by Habdy’s photoelectric automatic 
spectrophotometer, assigns to them the positions 505 m ft, 540 m ft, and 622 m ft. The 
most readily observed band of catalase is the one in the red. It is asymmetrical, the peak 
being situated toward the short-wave end of the band. The center of the band is stated 
to shift from 627.5 to 680 m ft upon increase in concentration (548)). 

Like all hemin and particularly hemin-protein compounds, catalase has a strong 
absorption band in the violet region, corresponding to the Sobbt band of hemoglohin. 
This band was found in liver catalase solutions by photographic (Itoh 601)) and photo- 
electric (Steen 1088)) spectrophotometry. Its position is given by Steen at 409 m ft, 
i.e. almost at the same place as that of the hemoglobin band (410 m ft (cf. Adams 4)). 
The relative intensity of the various absorption maxima of catalase and their extinction 
coefficients as referred to the porphyrin-bound iron content of the enzyme solutions 
have been determined (Steen 1088)). The average extinction coefficients, as calculated 
by means of the equation (Drabkin and Austin) 

. ■■' D ' 

0 = 1 mM Pe per liter = , 

^ d X c’ 

where D represents the observed optical density, d the depth of the absorption cell, and 
c the concentration of the enzyme in terms of mM of the porphyrin-bound iron per liter, 
were found to be mft.= 10.8 and S 409 mft= 145. The use of the above equation had the 
advantage that no assumptions as to the molecular weight of the enzyme or to the num- 
ber of hemin groupings are required. 

The ultraviolet spectrum of homogeneous catalase has recently been measured 
(Steen and Lavin 1096)). It shows a typical protein hand at 275 m ft. While ordinarily 
the extinction at the peak of the Soret band is much higher than at the maximum of 
the short-w-ave ultraviolet protein band, in the case of catalase this ratio is inverted. 

A number of qualitative observations concerning the spectrochemical behaviour 
of catalase preparations will be found in the papers by Keilin and Haeteeb 548) and 
by Steen 1089). 

The catalase spectrum is affected neither by the usual oxidizing or by reducing 

See, however, the observations made on rat liver tissue, freed from blood by perfusion 
(Stern 1089 )). 
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agents. Sodium hyposnlfite (Na2S204) for instance wliicii^ will readily reduce metlie- 
moglobin to hemoglobin or cathemoglobin to globin hemochroinogen has no effect on 
the catalase spectrum. The irreversible slight shift to 624.5 m /x upon shaking catalase 
solutions containing Na2S204 in air is attributed by Keilin and Hartreb 548) to the 
ph-change caused by the formation of sulfurons acid from the hyposulfite by oxidation. 
The formation of spectroscopically well-defined compounds between catalase and 
certain inhibitors and substrates will be discussed below (pp. 155, 176). 

The spectrum of purified peroxidase preparations from horse radish has recently 
been studied by Keilin and Mann 551). The position of the maxima are given as 498, 
548, 583, and 645 m p, (See also Table 8). A similar band in the red in strong peroxidase 
solutions from fig sap had previously been described by Sumner and Howell 1110). 
Kuhn, Hand and Florkin 649) had failed to notice any long- wave absorption bands 
in their horse-radish preparations, probably due to an insufficient concentration of the 
enzyme in their solutions. The most active peroxidase preparations yet recorded in the 
literature (Willstattbr and Pollinger 1336a)) have apparently not been examined 
with the spectroscope. 

In strongly alkaline solution or after reduction by Na2S204 the aw-band in the red 
at 645 m and the ^-band at 498 m ft are replaced by bands at about 557 m ft and at 
594.5 m ft (Keilin and Mann 551); Kuhn et al. 649)). A further band at 527 m/t ob- 
served by Kuhn et al. 649) in reduced peroxidase preparations could not be observed 
by Keilin and Mann 561). The spectrum changes observed upon adding inhibitors and 
substrates to peroxidase solutions are discussed on p. 180. 

Reactions of Hemin Systems with itihibitors: 

Respiratory Ferment: The ability of carbon monoxide to form a complex with 
the ferroform of the oxygen transferring enzyme and its reversible pbotodissoeiation 
have made possible the measurement of the absorption spectrum and the classification 
of this biocatalyst. This has been discussed in detail above (p. 136). The affinity ratios 
between CO and Og, the relative light-sensitivity, and the effect of temperature have also 
been dealt with (p. 141). 00 has no affinity for the ferriform of the enzyme. 

HON on the other hand, reacts with the tervalent iron of the oxidized form of the 
enzyme. A HCN-concentration of about 10“^ M. will completely inhibit the ferment and 
hence the respiration. Catalyses promoted by nicotine and pyridine hemochromogens 
are inhibited to an extent of 50 per cent by 2*8-10~® M. HCN. Inasmuch as Krebs 596) 
finds spectroscopically that the Fe**-CN-complexes are about half dissociated at this 
HCN concentration and since HCN, at this concentration, wiU not yet combine with 
ferrous iron, we have to assume that HCN in this case, just as in that of the respiratory 
enzyme, blocks the catalysis by reacting with the ferric iron formed in the course of the 
reaction from the original ferrohemochromogen (see also Warburg 1238)). In contrast 
to the inhibition by CO, the inhibition of respiration by cyanides or free HCN is indepen- 
dent of the oxygen tension (1233)). 

The essential difference in the action of CO and HCN on the respiratory ferment 
then, lies in the fact that 00 inhibits its oxidation while, HON inferes with its reduction 
(1233)). That the complex between ferric iron and cyanide is not readily reduced to fer- 
rous iron has been demonstrated in vitro by Barron and Hastings 85): cyanide ferri- 
hemochromogens are only reduced with difficulty by nascent hydrogen. 

It can be demonstrated, however, that ON' has also a certain affinity for bivalent 
iron and that it may partially displace CO and Og from ferrous complexes. Warburg, 
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NEaEiiBiN and Christian 1378), working with' ferroheme in borate buffer, found that of 
■61 cmm. of CO absorbed, 27 cmm. are given off after adding KCN to make the solution 
, 0.01 N. The same workers studied quantitatively the equilibrium between hemoglobin, 
/CO, O 2 and methyl carbylamine. The equilibrium constant of the reaction 

> PeCO + CH 3 NC > FeCH^NC + CO 
at 10 ^ is K = 5.3*10“^, while that of the reaction 

> PeO^ + CH3NC .±5: > PeOHaNC + O2 

is K = 2.5 40 - 2 . It follows that the affinity ratio for hemoglobin between CO, O 2 and 
carbylamine is 19 000 : 40 : 1. According to the potential measurements of Conant 
and Tongbbrg 180), however, the affinity of the ON' group to ferroheme is still appre- 
ciably greater than that of pyridine for the heme. 

These reactions appear to have no significance for the special case of the respii:a- 
tory ferment, since according to Wabburo ON', within the concentration range tried, 
will react exclusively with the ferric form of the enzyme. Carbylamines, on the other hand, 
will not affect respiration or anaerobic fermentation but electively influence the Pastbijr- 
Meybrhof reaction, as is evidenced by an increase in aerobic glycolysis (Wabbxjro 1330)). 

Cytochrome: The reports concerning the effect of various inhibitors on the cyto- 
chrome system are conflicting. More experimental work appears to be necessary before 
a clear-cut picture can be given. 

Both Keilin 540) and Warburo 1234, 1225) agree that, in general, cytochrome will 
not react directly with HON or CO under physiological conditions and that the effects 
observed after adding these reagents to living cells are mainly due to a primary inhi- 
bition of the respiratory ferment. This is consistent with the view of these authors that 
the enzyme is a specific "cytochrome oxidase”. If it is accepted that the oxidation of 
cytochrome in vivo is brought about exclusively by the respiratory ferment while its 
reduction is effected by dehydrogenase-substrate systems, then any inhibition of the 
respiratory ferment can only interfere with the reoxidation of ferrooytochrome but not 
with the reduction of ferricytochrome. This is borne out by the well-known observation 
that the addition of GO as well as of ON' to baker’s yeast, for instance, causes the appea- 
rance of the well-defined absorption spectrum of reduced cytochrome in Ml strength 
both under aerobic and under anaerobic conditions. In unpoisoned cells the characteri- 
stic ferrocytoehrome spectrum is replaced by the indistinct ferricytochrome spectrum 
upon shaking with air. 

For special cases or in isolated sytems, however, the observations and their inter- 
pretation are sometimes at variance with the general rule stated above. Pure eytochrome- 
c, though indifferent against both 00 and HON within the physiological ph-range, will 
combine with CO in alkaline solutions above ph 11 (Keilin 540)). While it will not react 
with molecular oxygen at ph 4 to 10, it becomes autoxidizable below ph 4 . This change in 
behaviour is probably due to more or less irreversible changes in the protein bearer. In 
certain instances a reaction between CO or HCN and cytochrome components has also 
been claimed in vivo. According to Keilin 541, 643) cytochrome-a or its derivatives 
are sometimes capable of directly reacting with CO. Keilin attributes this "atypical 
behaviour” bearer to the lability of the protein of the a-component in certain cells, e.g. 
in B. pasteurianum, B. coli, B. proteus, and Acetobacter. On this set of obser- 
vations hinges the controversy between Warburo and Keilin concerning the direct 
visibility of the respiratory ferment. WABBURa wishes to define as respiratory ferment a 
hemin system reacting with 00 and HON and exhibiting absorption bands at wave- 
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lengths identical with those found in the photochemical absorption speotrnm. He ob- 
jects to Keilin’s practice of including both CO- and CN'-insensitive and sensitive hemin 
systems in his cytochrome scheme. 

The observations of Japanese workers may be reconciled still less satisfactorily with 
the general rule outlined above. According to Yamaoutchi 1366) HON will react with 
cytochrome-c as well as with b. Shesata 1060) still maintains that cytochrome is able 
to form a loose addition compound with oxygen of the type of oxyhemoglobin. The 
appearance of the spectrum of reduced cytochrome under aerobic conditions after adding 
HON is explained by a displacement of the Og from the cytochrome molecule by HCN 
1053) rather than by a blockade of the respiratory ferment (see also Tamiya 1134)). 
While Shibata formerly believed that cytochrome as a whole reacts with Og and that this 
reaction is inhibited by 00, he has recently qualified this statement to the effect that only 
certain components of the cytochrome system, particularly cytochrome-b, will react with 
Og and 00 respectively (Shibata and Tamiya 1053); Yamaoutohi 1366)). Fujita and 
Kodama 383) distinguish between various cell types endow^ed with qualitatively and 
quantitatively different cytochrome systems. Like Kbilin, Shibata 1053, 1050) wishes 
to identify certain cytochrome components with the respiratory ferment of War- 
burg. 

Eecently, Altschul and Hogness 20a) observed a change in the spectrum of 
reduced cytochrome c when its solution is saturated with CO, indicating that it forms 
a complex with CO. This complex formation is said to take place throughout the entire 
ph range from ph 3.8 to 13. 

Peroxidase: This hemin enzyme appears to exist in a somewhat stabilized fer- 
ric form. Accordingly, Wieland and Sutter 1328) found that the enzyme has no ap- 
preciable affinity for CO as evidenced by its insensitivity towards this poison. State- 
ments by Kuhn, Hand, and Plorkin 649) to the contrary were refuted by Elliott and 
Sutter 348) who show^ed that the 'inhibition” observed by Kuhn et al. was actually 
due to a mechanical damage of the enzyme caused by the gas stream. HCN, on the other 
hand, will readily inactivate the enzyme. A concentration of 5.10“® M. HCN causes an 
inhibition of 50 per cent which is stated to be irreversible in contrast to the inhibition of 
the respiratory ferment or of catalase by CN' (400)). 

Catalase: Active catalase, like peroxidase, contains ferric iron in a somewhat sta- 
bilized form (1377, 1089)). Ordinary reducing agents like sodium hyposulfite (Na 2 S 204 ) 
or catafytieally activated hydrogen fail to reduce it to the ferrous form As would 
be expected, the enzyme is inhibited by HON; the complex formed between 1 molecule 
of HCN and 1 molecule of porphyrin bound iron dissociates upon diluting the system. 
On the basis of activity determinations in the presence of varying amounts of cyanide 
and also of crude spectroscopic measurements Zeile and Hbllstrom 1377) estimate the 
dissociation constant to be 8.10“'^. The inhibition by cyanide is reversible. Similar 
relationships obtain between catalase and HgS (1377)). 

The effect of CO on catalase has been studied by a number of workers, with varying 
results. Sentbr 1044a) as well as Wieland and Haussmann 1317a) attributed the 
decrease of the activity of the enzyme by treatment with CO to a mechanical damage 
suffered by the catalyst. If catalase-containing extracts of leucocytes are exposed to 
CO, CO 2 , Hg or Og (Stern 1071)), COg, 00 and O 2 will somewhat diminish the activity 
of the enzyme, ph-measurements showed that COg as well as Og cause a certain shift in 


*) Keilin and Haetree 549) find that HgOa is a specific reduotant of catalase. 
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ph which may he responsible for the effect observed. While it was at first assumed that 
the CO-inhibition represents a specific reaction between inhibitor and enzyme, later 

(Steen 1073,. p. 188)) it, was conceded that the phenomenon might perhaps be' due 
to a mechanical damage of the enzyme by the gas stream. Soon afterwards Oalipano 159) 
reported in a short note that purified horse liver catalase is inhibited by OO 5 provided 
that oxygen is carefully excluded, .A manometric technique was employed. Oalipano 
states that the CO-inhibition is partially reversed by illumination. This observation, 
if correct, would strongly suggest the formation of an iron carbonyl complex. The pro- 
blem was reinvestigated (Stern 1089)) under experimental conditions, designed to be 
favorable to an inhibition by CO (low temperature, exclusion of direct light, removal 
of the oxygen formed in the reaction by a continuous CO-stream). Nevertheless, no con- 
sistent and significant inhibitions by CO were observed. Furthermore, attempts to detect 
the formation of an enzyme-CO complex spectroscopically met with no success. This 
was also true when CO and H^Og were permitted to react simultaneously with the 
enzyme. 

Lately, Keilin and Haetrbe have made interesting observations pertaining to 
this problem. They found (648)) that when HgOg is added to catalase which is inhibited 
by sodium azide (NaNg) or hydroxylamine, the color of the solutions turns from greenish- 
brown to red and the three-banded methemoglobin-like absorption spectrum is replaced 
by two strong absorption bands at 590 and 554 m fe. This compound combines reversibly 
with CO, giving a derivative with bands at 580 and 545 m and reverts to the original 
'azide-catalase only in presence of molecular oxygen, which proves that the iron here is 
in the ferrous form. Eecently, the same workers (Keilin and Haetbbb 549)) have found 
that an inhibition of catalase by 00 may be due either to the absence of Og which is 
necessary for the reoxidation of ferrocatalase to the active ferriform, or to its combi- 
nation with the divalent iron of reduced catalase. The first type of inhibition would be 
expected to be light-insensitive while the latter should be light-sensitive. Indeed, some 
catalase preparations, but not all, were found to suffer a more or less pronounced light- 
sensitive inhibition by GO. Highly purified catalase preparations are stated to become 
sensitive to CO after adding traces of sodium azide, cysteine or glutathione, substances 
which apparently inhibit the reoxidation of reduced catalase. The CO-inhibition thus 
produced was found to be completely reversible in strong light (visible region of a mer- 
cury-vapor lamp). 

b) Constitution and Chemical Properties of Hemin Catalysts. 

Many efforts have been made to clarify the relationship of the prosthetic groups of 
the hemin-containing enzymes to blood hemin (protoferriheme IX). We are faced with 
the interesting and genetically important question whether all hemin enzymes are derived 
ultimately from the same mother compound (etioporphyrin) as is the case with hemo- 
globm and chlorophyll (Willstattee) or otherwise which basic configurations correspond 
to the various catalysts. The solution of this problem is rapidly forthcoming. 

Before entering into a discussion of the individual hemin catalysts it may be well 
to enumerate the more important hemin and porphyrin types and their formulas. De- 
tails will be found in the review articles by Fischer, Treibs and Zeile 344) and by 
E. Bebumann 97). ' ■ 

Ju a private coujinuiiication to one of the authors (K.G.St.) Professor Califano states 
that the extent of the inhibition caused by CO is about SO per cent and the extent of reactivation by 
light of the effective wave-lengths is 15 — ^20 per cent. 
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Hemins are defined as the iron complex salts of porphyrins. The nucleus 
is formed by porphin, a tetrapyrrolic structure held together by four methin (CH)bridges. 
Porphyrins are derived from porphin by the introduction of various side chains into the 
pyrrol rings. It is obvious that the possibility of varying the position of the side chains 
entails the possibility of the existence of a number of position isomers. An etio por- 
phyrin is a tetramethyl, tetraethyl-porphin. All of the hemin catalysts under conside- 
ration may be traced back to etioporphyrin III, OsgllggN^, representing 1, 3 , 5 , 8-tera- 
methyl, % 4 , 6, 7 -tetraethylporphin (Formula A). 
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By the exchange of two ethyl 
groups with propionic acid residues 
6 isomeric me so porphyrins, 
C34H3gH404, may be formed- The 
1 , 8, 5 , 8-tetramethyI- 2 , 4 -diethyl- 
6, 7-dipropionie acid-porphin, or 
mesoporphyrin IX, belongs to 
the series of blood hemin. If the 
two remaining ethyl residues are 
replaced by vinyl groups, protopor- 
phyrin IX, C34H34N4O4, (Formula 
B) results. The latter may be 
prepared synthetically from hema- 
toporphyrin by splitting off two 
molecules of water. The iron com- 
plex of protoporphyrin IX is the 
blood hemin or protohemin, 
C34H3204N4FeCl (Formula 0 ). Pro- 
tohemin (protoferriheme IX) is the 
of hemoglobin, cytochrome, catalase, and very probably 



CH2CH2COOH 


prosthetic group or the “agon 
also of peroxidase. These conjugated proteins are probably only different with regard to 
their bearer proteins. In the case of the cytochromes it may be that a nitrogen base in 
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combination with the heme forms the agon which in turn is tied up with a protein of 
relatively small molecular dimensions. In contrast to the forementioned bioeatalysts 
the respiratory ferment contains an agon which, though ultimately also derived from 
etioporphyrin III, differs from protheme IX by one side chain and the distribution of 
double bonds. The mother substance is probably a rhodoporphyrin. For purposes of 
orientation in the porphyrin series the following table maj^ be of service: 


TABLE 9. 


Nature of side chains in positions 2 and 4 
(See Formula B) 

Porphyrin Type ' 

OH — OHo . 

ProtoporpiiYrin 

CHOH— OHg 

Hematoporphyrin 

CA . - 

Mesoporphyrin 


Deuteroporplij^in 

CHjCHoCOOH. 

1 

Koproporphyrin 


Chemistiy of the Cytochromes: 

^ Altogether there exist probably only three well-defined cytochromes: cytochrome- 
a, b, and c (Keilin), The intracellular '"free hematin” of Kbilin 538, 640), supposedly 
the mother substance of the cytochromes, has as yet not been clearly defined or identified. 
The best known and most extensively studied component is cy to chrome -c. 

Cytochrome-c is the only cytochrome component which has been obtained in 
solution and in pure state. The others can only be studied spectroscopically within the 
living cell. Purified cytrochrome-c was first isolated by Keilin 639) form a Delft strain of 
baker’s yeast. His method involved plasmolysis of the yeast by NaCl, rapid heating of the 
plasmolysate to 90*^, extraction of the cytochrome by a sulfite-hyposulfite solution, treat- 
ment with GaOlg and SOg-gas, fractional precipitation with SOg, and washing with little 
water. Bed scales are obtained which dissolve in water at ph 6.5 to form a red solution 
exhibiting the characteristic absorption bands of cytochrome-c. Modifications of this 
method have been described by Bigwoob 114) and by Gbben 416). 

Zbile and Eeuter 1379), working with other yeast strains but also with Delft 
yeast, failed to obtain satisfactory results by Keilin’s method. By removing impurities 
with kaolin, precipitation in the form of ferrieytochrome and drying with acetone 1 gm. 
crude product with a hemin content of 1.3 per cent was obtained from 12 kg. yeast. A 
further purification could be achieved by fractional precipitation and adsorption on 
kaolin and BaSO^; the hemin content rose to 3.2 per cent hemin and the degree of 
purity was estimated to be 92 per cent. It is worth noting that only oxidized but not 
reduced cytochrome-c is adsorbed by kaolin. 

Pure cytochrome-c was isolated for the first time by H. Theobebl 1166, 1157). 
Hjs starting material was beef heart muscle which he found to be richer in cytochrome 
than yeast. The extraction from the defatted material is accomplished by dilute sulfuric 
acid. After neutralizing, the cytochrome-c is precipitated by saturation with ammo- 
nitini sulfate at 60 . The resulting product (7.5 gm. from 1 kg. of heart muscle) is 50 per 
cent pure (0.17 % Pe); it is further purified by adsorption on BaS 04 , elution with HCl, 
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and acetone precipitation. The most ingenious step in this method consists in the ad- 
sorption of the cytochrome on finely divided cellophane which had previously been found 
to adsorb hemin pigments in dialysis experiments. Elution is brought about by dilute 
ammonia. The end-product as obtained by concentration and drying in vacuo over 
sulfuric acid is described as amorphous. The yield is about 1 gm,. from 100 kg heart 
muscle. The elementary analysis shows that there were present 49.18 % C, 7,83 % H, 
14.4 % N, 1.18 % S, 27.5 % 0, and 0.84 % Pe; In contrast to earlier findings of Coo- 
LiBGE 184) no inorganic iron is contained in the cytochrome complex (Green 415); Hill 
and Kbilin 487)). The purity of the preparation was concluded from the fact that the 
percentage of porphyrin-bound iron is the same as that in hemoglobin and that attempts 
to raise the figure by different purification procedures failed. 

The procedure described by Thborbll has lately been considerably simplified by 
Keilin and Hartree 584a). Finely minced ox or, still better, horse heart muscle is extrac- 
ted with dilute trichloroacetic acid at ph 4. After neutralizing, impurities, particularly 
hemoglobin, are removed by ammonium sulfate precipitation. From the filtrate the 
cytochrome-c is precipitated in the oxidized form by shifting the ph from 4.9 to 3.7 
by the addition of trichloroacetic acid. The red deposit is washed with saturated ammo- 
nium sulfate solution, suspended in distilled water and dialyzed through cellophane 
at low temperature against 1 % NaCl-solution. Thus 6 kg. ox heart will yield appro- 
ximately 1 gm. and the same amount of horse heart about 1.6 gm. of pure cyfcochrome-c 
with an iron content of 0.34 %. 

Inasmuch as attempts to further fractionate cytochrome of this purity by adsorption 
on calcium phosphate or by fractional precipitation either with trichloroacetic acid in 
presence of ammonium sulfate or with lead acetate failed to raise the iron content above 
0.34 % this value may be accepted as representing the iron content of pure eytoehrome-e. 
Kbilin and Hartree also report that hot aqueous extracts of horse heart muscle yield 
only cytochrome preparations of a low degree of purity (18.3 gm, of 14 % pure pigment 
per 100 kg. of muscle). 

The ultimate preparation of pure cytochrome-c makes this important catalyst 
available for studies of an analytical chemical character and it has aheady permitted 
several controversial points to be settled pertaining to its properties. To mention only 
a few of these points, Kbilin and Hartree show that the two additional absorption 
bands in the red region of the spectrum described by Bigwood et al. 114) are absent 
in solutions of pure cytochrome c and hence must be due to impurities, probably to ver- 
dohemochromogens (Lemberg and Wyndham 711b)). The transition from reduced to 
oxidized cytochrome is a true oxidation reaction involving a change in valency of the 
iron from the divalent to the trivalent state. The view of Shdbata (1050)) that cyto- 
chrome is able to combine loosely with molecular oxygen m a manner analogous to 
hemoglobin is erroneous; oxidized cytochrome may be boiled in evacuated tubes in the 
complete absence of oxygen without suffering reduction. Within the physiological ph- 
range cytochrome-c is practically non-autoxidizable. Besides a number of inorganic 
reagents (ferricyanide, copper salts, H 2 O 2 ) indophenol oxidase but not catechol oxidase 
will oxidize reduced cytochrome. When a solution of ferricytochrome-c is heated to the 
boiling point, it turns yellow brown and the parahematin-like spectrum disappears. On 
cooling, the original red color and absorption spectrum are restored. This reversible 
change is a general property of ferrihemochromogens and is attributed to a temporary 
thermal dissociation of the nitrogeneous hearer from the heme nucleus. Eeduced cyto- 
chrome does not exhibit this remarkable property. 
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Cytochronae-c is readily reduced, e.g. by sodium hyposulfite (NagSgOj) or by hydrogen 
activated by palladium or platinum (Keilin 640), Green 415)). One atom of porphyrin- 
bound ferric iron is reduced by one atom of hydrogen (Theobbll 1157)). The same 
holds for the reduction by alkaline ferrous tartrate: One cytochrome equivalent is reduced 
by one equivalent of the ferrous salt. Glutathione, in neutral solution, is also a suitable 
reducer (BiawooD and Thomas 118)). MetaboMtes like succinate will not reduce cyto- 
chrome e (Keilin 540)); the corresponding dehydrogenases have to be present in addition 
to the substrates (e.g., lactic dehydrogenase plus lactate (Green 416^. 

In vivo, the reoxidation of cytochrome is accomplished by the respiratory ferment 
of Warburg (pheohemin enzyme). This does not mean that the reaction must be between 
the respiratory ferment and cytochrome-e. Warburg has proposed a scheme according 
to which the three cytochrome components are connected in series and not in paraEel 
to each other (1334)). Experiments by Haas 430a) who compared the over-all rate of 
respiration of yeast with the rate of reduction of cytochrome by the reducing systems of 
the ceU and who found both of the same order of magnitude, speak strongly in favor of 
this view. His experiments, however, did not indicate the exact position of eytochrome-e 
in this chain. This problem has recently been taken up by Tamiya and Oguea 1134) 
and by Ball in the Laboratory of Warburg 68b). The Japanese workers conclude from 
titration experiments with Oj, benzoquinone, and sodium hyposulfite that the normal 
potentials of the three cytochrome components at ph 7.0 decrease from cytochrome-e, 
over a to b. This would mean that eytochrome-e is closest to the respiratory ferment 
in the chain, while cytochrome-b would react with the activated metabolite systems. 
Ball 58b), on the other hand, observmg qualitatively the effect of oxidation-reduction 
indicators on the intracellular cytochrome spectrum, proposes the sequence cytochrome- 
a, c and b. An attractive feature of this hypothesis is that the soluble and relatively 
low-molecular c-component would function as the carrier or transporter of 
hydrogen equivalents between the other two components which are apparently 
intimately linked up with the structure of the cell and which otherwise may not be 
able to react with each other due to spatial separation. 

These considerations show the importance of the knowledge of the oxidation- 
reductionpotentialof the cytochrome system. This , however, is a rather controversial 
subject. Stone and Coulter 1105) had estimated the normal potential, E^,', of cyto- 
chrome c in certain bacteria to be + 0.280 V. at ph 7.6. Coolidgb 184), working in the 
laboratory of Conant, found similar values for yeast cytochrome e (-f 0.260 V. at ph 7). 
These determinations were, however, severely criticized by Green 415) on the basis of 
electrometric titrations of purified cytochrome e prepared from bakers yeast by a modi- 
fication of Keilin’s first method. Green found: B/ = -h 0.125 V. at ph 7.14, -+- 0.082 
at ph 7.43, -f- 0.082 V. at ph 8.88 and -f 0.060 V, at ph 9.2. More recently, De Toeup 
1183) concluded that the normal potential of the ferro- ferricytochrome c system must be 
between + 0.120 and 0.180 V. at ph 7. 

In contrast to the findings of Green and of Db Toeup, Ball 68b) on the basis of 
his rather crude experiments cited above, estimates the potential of cytochrome c to 
about -j- 0.270 V. at ph 7.4. His result is confirmed by Laki 694) in Szent-Gyorgti’s 
institute: If quinhydrone is added to an oxidase preparation from pigeon breast muscle 
showing the absorption bands of the three cytochrome components and if the PH is varied 
by suitable buffers, the c-component is only reduced by the quinhydron&at alkaline 
reaction whereas it is oxidized at acid reaction. At ph 7.4 the cytochrome is present 
approximately in a half-reduced and hald-oxidized state. At this ph, therefore, its normal 
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potential should be about the same as that of the quinone-hydroquinone' system, i.e. 
about + 0.280 V. When the experiment was repeated with pure cytochrome prepared by 
H. Theoeell 1157) no reduction could be observed with quinhydrone. This result, to 
Laki, seems to suggest that the potential of isolated cytochrome c is more negative than 
that of cytochrome c linked to the structure of the cell. At this point it must be mentioned 
that Keilin and Haetebe 550a) could observe a reduction in vitro of cytochrome c 
preparations of comparable purity both by hydroquinone and by p-phenylenediamine. 

The question has recently been reinvestigated by Wuemsbe and Pilitti 1358, 1359). 
These workers prepared cytochrome c from heart muscle according to Keilin and 
Haeteee. They then determined the equilibrium potential formed in mixtures of ferro- 
and ferricytochrome of a ratio determined by spectrophotometry. In another series of 
experiments, ferricytochrome was mixed with known amounts of reductinic acid the 
potential of which had pre- 
viously been determined by 
Mayee 763) and which will 
partially reduce ferricyto- 
chrome with great rapidity. 

After attainment of equilibrium 
the degree of reduction of 
the cytochrome was ascer- 
tained by spectrophotometry. 

Wuemsbe and Filitti find 
that the normal potential of 
cytochrome c is + 0.253 V. 
bet ween ph 5 and 8. Their value 
is therefore in agreement with 
the early findings of Coultee 
and of CooLiDGE as far as 



ph 7 is concerned where as they 
cannot confirm the statement 
of CooLinoB that the potential 
changes with the hydrogen ion 


Fig. 5. Absorption Spectrum of NO-c3?1;oohrome complex 
as compared with that of reduced cytochrome. Ordinate, 
absorption coefficient per gram atom of cytochrome iron; 
abscissa, wave-length in millimicrons. 

(Keilin and Hartrbb 648a)). 


concentration in this ph-range. 

About the redox potentials of cytochrome a and b nothing definite is known. Accor- 
ding to Ball, their behaviour towards indicators suggests a normal potential of cyto- 
chrome a of about + 0.290 V. and of cytochrome b of about — 0.04 V. 

Cytochrome-c does not form compounds with substances such as cyanide, sulfide, 
fluoride, azide, hydroxy lamine or peroxides which are known to combine with other 
heme derivatives. The only substance with which cytochrome-c reacts in a reversible 
manner, within the physiological ph-range, is nitric oxide (NO) (Keilin and Haetebe 
648a)). The absorption spectrum of the NO-complex together with that of reduced 
cytochrome is shown in Fig. 6. 

The NO-complex of cytochrome, the spectrum of which is shown in Fig, 5, contains 
ferricytochrome. Two distinct bands are noted at 565 and 580 m Ferrocytochrome 
will not cc^bine with NO, but the ferricytochrome-NO compound is reduced by 
hyposulfit^^o a complex which may possibly represent the ferrocytochrome-NO 

combinati#®'" . . ' ^ ' 

The concentration of cytochrome-c in solution may be determined spectrophoto 
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metrically; a convenient wave-length being 549-7 m For this wave-length, the rela- 
tion holds: 

In ^ = 0 d X 0.62 X W, 

where c is the concentration of reduced cytochrome-o in terms of gm. atoms of iron 
per cc., and d the layer of thickness of solution (Dixon, Hill and Keilin 314); Keilin 
and Haetkbb 648a)). 

It is highly significant that a number of independent methods have yielded very 
similar values for the molecular weight of cytochrome-c. Zbilb and Reutbe 1379, 
1376), from the ratio of total cytochrome as determined by the difference of adsorbed 
material in the reduced and oxidized state (see above) and from the hemin content of 
their purest preparations (3.5 %) estimate the molecular weight to be 18,000. With his 
pure preparation from heart muscle Theoeell 1167) obtained a diffusion constant 
Djoo = 11.1 • 10-^ em^/sec., corresponding to a molecular weight of 16,500 on the basis 
of the Binstbin-Stokes equation. The iron content of 0.34 % yields a minimum mole- 
cular weight of 16,500 on the assumption that one iron atom is contained in one cyto- 
chrome molecule. Pebeesen, in unpublished experiments quoted by Theoeell 1157), 
finds a sedimentation constant Sgo" = 2-10-“ dynes- cm-^- sec-^ and a partial specific 
volume of 0.707 from which a molecular weight of 16,500 is calculated. The much higher 
value found by Zbilb and Eeuteb 1379) in diffusion experiments with Anson and 
Noetheop’s porous disc method is probably due to an association phenomenon; free 
heme also yields values by this procedure which are too high. 

This point of view is further strengthened by the results of preliminary determinations 
of the osmotic pressure of cytochrome-c at ph 6.8, carried out by Adaie (quoted by 
Keilin and Haetkbb 548a)) ; the provisional results for the molecular weight agree within 
10 % with the equivalent weight determined by the iron content, i.e. 16,500. 

Contrary to the ease of hemoglobin, where 4 “Hufneb units” of 16,500 each appear 
united to form one macromolecule of 66.000 molecular weight carrying four heme 
groupings it would appear then that cytochrome-c in solution has the size of just one 
“Hupnee unit” with one heme group. It is well to keep in mind, though, that the 
extraction of the pigment from the cells is carried out with rather drastic reagents, 
e.g. dilute sulfuric acid, which may cause the breakdown of a larger complex into 
smaller units. 

The isoelectric point of cytoohrome-c was found by Zbilb 1376) atph 8.2 and 
by Theoeell 1167) evenmore alkaline, namely at ph 9.82 in borate buffer and at 9.86 
in glycine buffer. The electrophoretic mobility has been determined by Theoeell 1157). 
In contrast to ordinary proteins the ionic mobility was found to be independent of the 
ph between 7.0 and 9.3 as u = 5-10 ~® cm^/sec/V. 

The last named constants are largely if not solely determined by the protein com- 
ponent of the cytochrome. The relatively easy method of preparation of pure cyto- 
chrome-c has enabled Keilin and Haeteeb 548a) to determine several amino acids 
in cytochrome hydrolysates. Table 10 gives the results of the analysis of 1.44 
gm. cytoohrome-c after hydrolysis with strong HCI. 

Tryptophane was also estimated in a tryptic hydrolysate of cytochrome-c. The 
value obtained, viz. 0.94 %, agrees well with that found in the acid hydrolysate. 

Table 10 shows that with respect to the amino acids so far determined in eyto- 
chrome-c the differences as compared with hemoglobin are not very large, with the 
exception of tryptophane. 
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TABLE 10. 


(Prom Kbilin and Hartebb 548a)). 


Amino Acids 

In Cytochrome-c 
per cent 

In Hemoglobin 
(Horse) per cent 

Arginine 

6.6 

8.67 

Cystine 

1.1 

0.74 

Histidine 

7.8 

8.13 

Lysine 

9.1 

8.31 

Tryptophane . . . . . . . . . . . 

0.9 

2.38 


The manner in which the protein is linked up with the heme residue in cytochrome-c 
is still under investigation. The situation appears to be more complex than in the case 
of hemoglobin. There the consensus of opinion is that the protein is linked to the iron 
atom of the heme group by a covalent bond. For cytochrome-c three possibilities 
have been discussed on the basis of the experimental facts: (1) The heme contains ani- 
trogeneous base in a side chain of the porphyrin structure in the form of a quaternary 
ammonium salt in addition to the carrier protein which is linked to the cytochrome iron 
in the usual manner, (2) The nitrogeneous base is a peptide and is linked to the heme in 
the form of a peptide bond between a carboxylic group of the side chains of the porphyrin 
and an amino group of the peptide. In addition, there would be the bearer protein in the 
usual type of linkage. And (8), the entire protein pheron is combined with the heme agon 
through a peptide linkage so that the Fe atom is not involved at all. 

In their early experiments on the nature of the porphyrin contained in cytochrome 
Hill and Kbilin 486) obtained a so-called "unmodified” c-porphyrin by splitting off 
the iron with HCl and SOj in the absence of oxj-gen. This c-porphyrin differs from all 
known porphyrins by its solubility in water. Zbilb and Piutti 1378) attribute this 
atypical behaviour to the fact that the mild HCl-SOg-treatment has not split off the 
nitrogeneous base in the porphyrin side chain. The absorption bands of this “unmodified” 
porphyrin are located between those of proto- and hematoporphyrin. Zbilb and his 
collaborators tried to elucidate the structure of this porphyrin by synthesis. The in- 
troduction of N-bases into the porphyrin molecule by way of a carboxylic group in the 
TYia.rinAr of a peptide bond (Zbilb and Piutti 1378)) failed to yield derivatives similar 
in their absorption spectrum or in other properties to the cytochrome porphyrin. On the 
other hand, the attachment of tertiary N-bases to the unsaturated side chains of proto- 
porphyrin was more successful. 

Zbilb and Piutti 1378) prepared adducts of glycine, pyridine, and other N-bases 
to the unsaturated side chains of protoporphyrin with the aid of HBr. After introducing 
iron into the products obtained with pyridine, collidine and quinoline they showed the 
characteristic cytochrome absorption band at 650 m /i. The constitution of the pyridine 
adduct which was prepared in crystalline form is indicated by the formula 
on p. 164. 

It is undecided as yet whether the pyridine nitrogen is attached to the porphyrin 
side chains 2 or 4. If N-bases containing primary, secundary or acyclic tertiary nitrogen 
are used, hydrophilic porphyrins with the spectral properties of the c-porphym are 
obtained. However, in this case the N-base cannot be split off with HBr-acetio acid. 
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Therefore Zeile assumes that cytochrome-c contains a tertiary cyclic N-base which 
is combined with the porphyrin in 2- or 4-position through the formation of a quater- 
nary ammonium salt. These synthetic experiments cannot be regarded as furnishing 
decisive proof for the constitution of cytochrome-c. Koohb and B^nievent 991) point 
out that the synthetic products, in spite of the similar absorption spectrum, exhibit a 
somewhat different chemical behaviour when compared with the natural unmodified 
c-porphyrin: The synthetic hematins obtained with pyridine or glycine methylester will 
combine with globin to form compounds of the type of methemoglobin, whereas cyto- 
chrome-c is unable to do so. Cytochrome-c when combined with globin forms a ferri- 
hemochromogen (parahematin) which may be reduced to a ferrohemochromogen (Boohs 
and Ben6vbnt 991)). This indicates that the bridging link between the cytochrome 
hemin and the protein component is more complex than in other heme proteins. Eecently 
Thboebll has attacked this question by breaking down the natural oytoehrome-c in 
a gradual manner (1160)). He finds that the iron may be removed more simply than by 
the HCl-OOa method of Hill and Keilin, viz, by saturating an aqueous cytochrome 
solution at 0° with HCl-gas. The interesting point is that the “unmodified c-porphyrin” 
thus obtained is soluble in aqueous solvents and insoluble in organic solvents; that it 
exhibits the electrophoretic behaviour of a protein with an isolectric point near ph 7; 
that it is unable to pass parchment membranes; that its molecular weight as estimated 
from the ratio heme/dry matter is about 4 — -6000, and that it contains 11 % nitrogen. 
Upon hydrolyzing with hydrochloric acid at 100° amino acids are gradually split off 
from this large molecule. When the molecule has reached a size of 1600 — 1800 the por- 
phyrin-polypeptide complex begins to be preeipitable isoeleotrically at ph 4.2. The next 
lower product had a molecular weight of 1160 — 1320. All preparations were found to 
contain sulfur (1 to 1.8 atoms S per molecule). The titration curve traced with the glass 
electrode revealed 4 basic groups in addition to those present in hematoporphyrin. 
Three of these groups are NHg-groups (van Slykb method). There are also present 6 acid 
groups. By prolonged hydrolysis it was possible to split off still more amino acids until 
a relatively pure preparation of a molecular weight 1020 was obtained. It contained 
6 N-atoms and only traces of amino nitrogen. The titration curve mdieates the existence 
of 5 — 6 acid groups. The hydrolysis did not affect the characteristic properties of the 
c-porphyrin. The spectrum, the hydrophilic behaviour and the ability to combine with 
Fe to form a hemochromogen with bands at 550 and 520 m fi were retained throughout. 

The structure of the porphyrin itself as contained in cytochrome-c has been 
elucidated by the experiments of Zeile and Eeutbb 1379). It had been known previous 
to their work that cytochrome-c contains iron capable of reversible oxidation-reduction 
and that the removal of the iron leads to a porphyrin of the hematoporphyrin type 
(Hill and Keilin 486)). Zeile and Bbuter subjected cytochrome-c to HBr-aeetic 
acid decomposition. Crystalline hematoporphyrin was isolated as a reaction product 
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just as in the case of blood hemin. After reduction with HJ-acetic acid to the mesopor- 
phyrin stage and esterification with HCl-methanol the mesoporphyrin dimethylester 
thus obtained was compared spectroscopically and with regard to melting point and 
mixed melting point with the corresponding ester of synthetic mesoporphyrin IX and 
was found to be identical with it in every respect. This proves that the heme in cyto- 
chrome-c is protoheme IX (blood heme), modified by the introduction of an N-base 
into the porphin structure and tied up with a protein definitely different from globin. 

Eecently, H. Theorell 1163) has made another important contribution to the 
problem of the constitution of cytochrome-c. He could show that the porphyrin-o as 
obtained by hydrolysis of cytochrome-c with HCl contains a side chain which is split 
off by HBr-glacial acetic acid and which contains 2 atoms of sulfur, two carboxylic 
and two amino groups. In both instances the amino groups are in a-position to the COOH- 
groups. Both S-atoms appear to be present in the form of thio-et her (C — S — C) linkages 
forming a bridge from the porphyrin nucleus to the carrier protein. On one side, the S- 
atoms are tied to those C-atoms which after HBr-acetic acid cleavage carry the OH- 
groups of the hematoporphyrin thereby formed while on the other side the S-atoms are 

attached to C-atoms in the 
diamino-dicarboxylic acid 
side chain of the por- 
phyrin-c. 

One or several of these 
amino and carboxyl groups 
are linked by peptide bonds 
to the portion of the 
protein component which 
is split off by acid hy- 
drolysis. The stability of the 
thio-etlier bridge accounts 
for the failure to split cyto- 
chrome-e in a reversibleman- 
ner. It will be remembered 
that BERsiNlOla) some time 
ago advanced the hypothesis 
that sulfur atoms might be 
involved in the linkage be- 
tween hemin group and bea- 
rer protein of certain enzy- 
mes. He was, at that time, considering the 
possibility of a dithio- {-—S— 8—-) link^ 
Theorbll’s new experiments, for the first 
time, lend experimental support to the theory 
of the role of sulfur*) as a bridging link, al- 
though in a form differing from that visu- 
alized by Bersin. The adjacent formula, 
according to Theorell, represents best our 
present knowledge of cytochrome-c: 



COOH 


l-Cystine has since been obtained from porphyrin-o (H. Theorell, Enzymologia, 6, 88 (1939)). 
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We know very little about the chemistry of the cytochrome components a 
a nd h*). Neither has as yet been isolated in native state from cells. It is possible that the 
prosthetic group of cytochrome-a is a mixed-colored or pheohemin just as is the case with 
the respiratory ferment (Eoche 990)). It is possible that the pheohemin isolated by Eoche 
989, 990) and by Negelein 879) from heart muscle represents the prosthetic group of 
cytochrome-a. A material rich in cytochrome-b is the muscle of Actinia. Eoche 795) 
obtained from it a pyridine bemochromogen which exhibited the properties of blood 
hemin. Eoche assumes that, at least in this particular case, cytochrome-c and b have 
the same prosthetic group of the protoporphyrin type and perhaps even the same protein 
bearer; the only difference being the type of linkage between heme and protein. It will 
be remembered that Keilin 536), on the basis of spectroscopic comparison of the cyto- 
chrome spectrum with that of other hemoohromogens, concluded that they are ulti- 
mately derived from the same hemin and that the differences in their absorption spec- 
trum may be due to their different degree of “dispersion” in the cell. It would appear 
that the a-component has a heme different from the other two components. It 
is possible that cytocbrome-c and b have the same agon but a different pheron 
(bearer). This will require further experimentation. Yakushiji and Mosi (Acta Phyto- 
chim. 10, 125 (1937)) claim to have obtained cytochrome-b in purified form from yeast. 

Respiratory Ferment: 

The hemin character of the respiratory ferment was deduced by Warburg 1333) 
from its behaviour towards CO and light, HCN, and from the pattern of the absorption 
spectrum (see Pig. 8, p. 146) as obtained by the photochemical method. Particularly 
typical for a heme derivative is the steep y-band in the violet region, at 436 m fj.. On 
the other hand, the shift of the enzyme bands towards the red as compared with the 
bands of blood hemin derivatives suggested that the heme contained in the enzyme is 
not a red hemin. The possibility that the peculiar state of dispersion or distribution of 
the enzyme within the living cell or that the nature of the bearer protein might be 
responsible for this red-shift, was ruled out by Warburg. In his model experiments 
neither a change in state of aggregation, adsorption, or coupling with bases or proteins 
led to a shift of the blood hemin bands into the vicinity of the enzyme bands (1276). 
It must be mentioned however that Keilin (1.c. 540) reports that it is possible to shift 
the position of the main absorption band of protohemochromogens by suitable choice 
of the N-bases from 417 to 452 m y*. The “SoRET”-band of piperidine bemochromogen 
lies at 488 myt (Keilin 640)); so does the band of pyrrolidine bemochromogen 
(Zeile 1372a)). 

The absorption spectrum of a hemin is to a certain extent dependent upon its 
constitution, i.e. of the nature of the radicals present in the side chains of the pyrrol- 
rings or in the methin bridges. While it is possible to detect spectroscopically certain 
substituents as unsaturated side chains, carboxyUc groups, substituents in the methine 
bridge, etc., a difference between a methyl, ethyl, or even propionic acid grouping, or 
with respect to position of substituents in isomer porphyrins finds hardly an adequate 
expression in the absorption spectrum. With this reservation one may state that only 
such hemins may be considered, when casting about for close relatives of the respiratory 
ferment, the absorption of which is shifted towards the red relative to blood hemin. It 
has already been mentioned that Warburg distinguished between red, green, and 
mixed-col ored hemins. The red hemins are derivatives of the blood pigment hemo- 
♦) See Oppenheimer’s ..Supplement” p, 1666 , 
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globin (protoheme) and of the far-reaching hreakdo-vm of chlorophyll. They are speetroa- 
copically characterized by the fact that the main (y-) band of their CO-compounds is 
situated around 420 m [i and below and that the long-wave (a-) band is at 570 m /i and 
below. The green hemins, or pheophorbid-hemins, are derived from chlorophyll by 
hydrolyzing off the phytol group and substituting iron for the magnesium. In contrast 
to the respiratory ferment they show selective light absorption in the red region of the 
spectrum. The mixed-colored hemins (pheohemins) are intermediate between the red 
and the green hemins with regard to their spectrum. Besides the respiratory ferment this 
group includes such pigments as spirographis hemin, pheohemin b, kryptohemin. Inas- 
much as no direct evidence concerning the chemical structure of the respiratory ferment 
is available, we shall have to limit ourselves to a short discussion of the chemistry of the 
known representatives of the pheohemin group. This is done in the assumption that the 
data obtained with such pheohemins are more or less representative for the heme group 
of the enzyme. 

Spirographis Hemin. 

This hemin is the prosthetic group of chlorocruorin, the blood pigment of 
the marine worm Spirographis. Besides the heme there is present a protein which is 
different from globin (Eoche 993, 984)). Wabbueg et al. 814) succeeded in the pre- 
paration of pure crystalline spirographis hemin of the empirical formula OsaHgjNjOsPeCI 
the uncertainty being ±10 and ± 1 H. It contains 2 C-atoms less and one 0-atom more 
than blood hemin. The molecular weight would be close to 640; the number of acid 
groups, according to manometric determinations, is 2 ; the dissociation constants 
are larger than 10 Pour of the oxygen atoms are present as carboxyl groups. The 
fifth 0-atom was considered to bo in the form of a keto group (Warburg, Negblbin 
and Haas 1276, 1279)). 

Warburg and Negblbin 1275) were able to split off the iron from spirographis 
hemin by means of ferroacetate-HOl in an inert atmosphere. The porphyrin was purified 
by the usual HOl-ether fractionation and finally obtained in pure crystalline form. The 
empirical formula is O 32 H 3 JN 4 O 5 ± 1 H. The spectrum in neutral ether shows bands at 
1.509—520; 11.550—560; III. 580— 582; IV. 591— 594; V. 639— 647 m 

band II. bemg the strongest. If the porphyrin is treated with hydroxylamine the absorp- 
tion bands are shifted towards the blue end of the spectrum and a crystalline oxime is 
obtained. It was this reaction which led Warburg to believe that the fifth 0-atom is 
contained in a carbonyl group. 

The ferrous form of spirographis hemin as obtained by reduction of the ferric form 
with cysteine in weakly alkaline solution (0.01 N. NaOH) suffers a molecular rearrange- 
ment at 75 ° which may be demonstrated by preparing the pyridine hemochromogen and 
measuring the position of the long- wave absorption band before and after the rearran- 
gement: 

Band before Eearrangement . . 584 m/a 
Band after Eearrangement . . 553 m/x. 

The interesting point here is that the long-wave absorption band of the hemoehro- 
mogen shifts from the position typical for a green-red hemin (pheohemin) to a spectral 
region commonly occupied by red hemins. By linking spirographis hemin to globin the 
rearrangement is prevented. 

The chemical study of spirographis hemin was continued and brought to a 
successful conclusion by H. Fischer and Sebmann 348). The constitution of the 
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pigment was elucidated with the aid of 189 mg. of this precious material. 

The careful comparison of spirographis porphyrin with the spectroscopically and 
anatytically similar oxorhodoporphyrin (l,8,5,8-tetramethyl-2-aoetyl-4-ethyl-6-car- 
boxylic acid porphin-7-propionic acid) had the following result. A depression of the mixed 
melting point of the two dimethylesters precludes an identity of the two compounds. 
This is further substantiated by the fact that the iron complex salts of the two porphyrins 
behave differently upon catalytic hydrogenation. On the other hand, both porphyrins 
will form a monoxime while the spectroscopically similar diaoetyldeuteroporphyrin 
yields a dioxime with hydroxylamine. 

Inasmuch as the earlier experiments of Fischer and Beeitnbe had demonstrated 
the presence of a formyl group in position 3 in ehlorophyU-b, Fischer and Sebmann 
investigated the possibility that the fifth 0-atom of spirographis porphyrin may be present 
in this form rather than as a carbonyl group. The fact that this group could be oxidized 
to a carboxyl group proved this working hypothesis. Experiments designed to prove or 
disprove the structure of spirographisporphyrin as that of a formyirhodoporphyrin, with 
the formyl group in analogy to chlorophyll-b tentatively in position 3, had no decisive 
results. At this stage of the investigation, Fischer and Sbemann took again recourse to 
the catalytic reduction of spirographishemin and -porphyrin. It was found that upon 
hydrogenation the formyl group is completely reduced to a methyl group. This, together 
with the observation that diazoester reacts with spirographisporphyrin in such a manner 
that the formyl group yields a ketocarboxylic acid ester residue, suggested that the 
porphyrin contains 2 propionic acid, 1 formyl, 1 vinyl, and 4 methyl groups in the side 
chains. By the method of mixed melting point determination the identity of 
hydrogenated spirographisporphyrin with l,2,8,5,8-pentamethyl-4-ethylporphm-6,7-di- 
propionie acid was established. Therefore the vinyl group in spirographisporphyrin 
must be in 4-position while the formyl residue must be in 2-position. This formulation 
is further supported by the identity of the product of the resorcinol fusion of spiro- 
graphis hemin with deuteroporphyrin IX. 

The foregoing evidence and other facts permit to assign to spirographis porphyrin 
the structure of a l,8,S,8-tetramethyl-2-formyl-4-vinylporphin-6,7-dipropionic acid 
as shown in the following formula 
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This formulation explains the shift of the absorption bands of the spirographis 
hemochromogen observed by Warburg and Nboelein 1276). These authors had used 
hydrazine for the reduction of the ferri- to the ferrohemoohromogen. It is probable 
that under such conditions hydrazone formation occurs at the formyl group which 
causes a blue-shift of the absorption bands. Spirographishemin is thus characterized 
as a close relative of protohemin IX (blood hemin) which in turn is derived from 
etioporpbyrin III. It is suggested by Fischer and Seemann that spirographishemin is 
formed by the oxidation of a vinyl group of protohemin in position 2. This possibility 
of its biogenesis is supported by the fact that protoheme IX is contained in cytochrome-c 
(see p. 165) and thus genetically older than spirographis hemin. 

It appears very likely that the porphyrin present in Warburg’s respiratory ferment 
also contains a formyl group in the side chain. 

f Besides spirographishemin and its combination with the natural protein (chloro- 
cruorin) or with globin (spirographishemoglobin) (see below), Warburg has 
compared the spectra and properties of other hemins with that of the respiratory 
ferment. 

When the enzyme spectrum was obtained in 1928 — 29 by the photochemical method, 
no hemins were known which, according to their spectrum, could be considered closely 
related to the enzyme hemin. In the following year H. Fischer and Zeile 345) prepared 
diacetyldeuterohemin and H. Fischer 342) obtained pheohemin-a by reducing 
chlorophyll-a with HI and introducing iron into the molecule. Although the absorption 
bands of these two hemins are somewhat shifted towards the red, i.e. towards the enzyme 
bands, as compared with blood hemin, their position is still too far towards the short- 
wave region to make them an effective model for the enzyme. The fact that derivatives 
of chlorophyll-b have, in general, bands situated more towards the red than those of 
chlorophyll -a, induced Warburg and Christian 1236) to perform experiments in the 
chlorophyll-b series. They reduced chlorophyll-b to pheoporphyrin-b by HI. The intro- 
duction of iron into the molecule in propionic acid solution yielded pheohemin-b, 
(CH3CH2C0)C32H29N406FeCl. It is a dicarboxylic acid and contains a keto group and 
a formyl group *). Pheohemin-b is a mixed-colored hemin, it is green in concentrated 
and red in dilute solution. The fact that the combination between this hemin and globin 
exhibits an absorption spectrum closely resembling that of the respiratory ferment has 
led Warburg to call the group comprising spirographis hemin, the respiratory enzyme 
and pheohemin the class of pheohemins. 

If chlorophyll is treated with strong acid, the phytol ester linkage is hydro- 
lyzed and the magnesium is split out. The resulting compound is called pheophorbide. 
Warburg 1232) prepared pheophorbide-b from chlorophyll-b and introduced iron 
instead of the magnesium into the complex. Pheophorbide-b hemin is a green 
hemin. Its combination with globin, pheophorbide-b hemoglobin, has absorption bands 
located further towards the red than the respiratory ferment. This excludes the possi- 
bility that the hemin of the ferment is a green hemin **). The structure of pheophorbide-a 
and -b, suggested by H. Fischer, is given in the following formula: 


*) The structure of pheoporphyrins and related compounds is discussed in the recent reviews 
on the structure of chlorophyll by Steele 1066) and H. Fischer 841). 

**) This refers to the respiratory ferment of yeast and acetobaoter; the enzyme of azotobacter 
may be a derivative of a green hemin (880)) or of biiiviolin (711c)). 
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Pheophorbide-a: X == CH3 
Pheophorbide-b: X = OHO 

The position of the long-wave absorption bands of the pyridine hemochromogees 
of some of these hemins is shown in Table 11. 


TABLE 11. 


(From Waebueg and Negblbin 1275)) 

Long- wave Absorption Bands of Several Hemins in the Form of Pyridine Ferro Hemo- 

chromogens. 


Hemin 

Wave-length 

Protoheme IX (Blood hemin) 

Pbeohemin-b 

Spirographishemin 

Pheophorbid-b hemin 

557 m;^ 

584 m/i 

584 m IX 

600—622 mix*) 


If the hemins are permitted to react with native globin in neutral aqueous solution, 
compounds analogeous to methemoglobin are formed. Assuming an equivalent weight 
for globin of 16,000, Wabburg and Negelein 1275) find that slightly over one globin 
equivalent is required for the saturation of one molecule of hemin. This observation 
suggests a quitef tight, i.e. little dissociated, linkage between hemin and protein. The 
measurement of combination between the two components is based on the fact that 
at the wave-lengtE of the absorption maximum of the '‘methemoglobins’’ in the blue- 
violet region the combination process causes an increase in light absorption over that 
of the free hemin. Figure 6. shows that in the case of blood hemin a constant value of 
extinction at 405 m is attained, if 28 mg. globin or more are added to 1 mg. hemin 

*) Bandof theferricompound in pyridine-chloroform. The hemochromogen reaction is indistinct. 
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at ph 7 . 0 , corresponding to a ratio of 1.1 equivalents of globin 
to 1 mol of bemin. 

When the “methemoglobins” (ferrihemoglobins) are redu- 
ced "with cysteine and exposed to oxygen, it is found that 
bloodhemoglobin, rhodohemoglobin, diacetyldeuterohemoglo- 
bin and pheohemoglobin, but not pheophorbid-b-hemoglobin 
are able to bind oxygen reversibly to form "oxyhemoglobins”. 

The absorption bands of the various complexes are listed in 
Table 12. 

It is remarkable that when oxygen attaches itself to 
the first three hemoglobins in Table 12, the broad band of the 
ferrohemoglobin is split up into two sharp bands, while in the 
instance of pheohemoglobin the band of the ferrohemoglobin 
is not split up but only shifted. The position of the absorption 
bands of the CO-complexes will be found in Table 8 (p. 146). 

Following the discovery of various hemins resembling 
more or less that of the respiratory ferment, various workers 
have searched for such pheohemins (or mixed-colored hemins) 
in mammalian tissues. Nbgblein 877), working up pigeon 
breast muscle, obtained a crystalline porphyrin of the empi- 
rical formula C 33 H 32 N 4 O 5 . This corresponds to an additional 
CHg-group in comparison with spirographis porphyrin. After 
the introduction of iron a compound showing the properties of a mixed-colored hemin 
was obtained. The same compound, termed kryptohemin by Negelein, could also be 
obtained from crude blood hemin in a yield of about 0.2 per cent. The biological sig- 
nificance of kryptohemin has become very questionable since Negelein 878) found that 
it is formed as a by-product in the course of the HCl-fisactionation of the blood hemin, 

TABLE 12. 


Absorption Bands of Synthetic Perri-, Ferro-, and Oxyhemoglobins 

(Waebueg and Negelein 1276)). 



Ferri- ^ 1 

Ferro- 

Oxyhemoglobin 


hemoglobin 

hemoglobin 

Bloodhemoglobin . . 

684 m/i 

545— 570 m 

533—548, 573—588 m/t 

Ehodohemoglobin . . 
Diacetyldeutero- 

625 m/i 

. i 

540— 560 m/i 

633—542, 573—582 m/t 

hemoglobin .... 

No band in the 



1 

red 

550— 595 m /t 

648—558, 585—595 m/x 

Pheohemoglobin-b . . 

642 m (weak) 

585— 595 m /t 

^ 69^t^^5 m /i 


Shortly afterwards, however, Negelein 879) succeeded in isolating a pheohemin, 
free from protohemin, from horse heart muscle. It shows a strong absorption band at 
587 m /A, i.e. approximately there where the a-band of the respiratory ferment is situated; 
and it is certainly no artefact. More recently, Roche and B6n6vbnt 990, 989) obtained 
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Fig. 6. Curve representing 
the changes in light absorp- 
tion occurring upon adding 
var 3 dng amounts of globin 
to 1 mg. blood hemin dis- 
solved in 200 cc. 0.1 M. 
neutral phosphate buffer. 
Abscissa: mg. globin in 200 
cc. solution; Ordinate: 
Lightabsorption coeffi- 
cient, at 405 m jL6.(From 
Waeburg and Negelein 
1275)). 
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a hemin from heart muscle by a slightly different method. The pyridine hemochromogen 
shows absorption bands at 425, 530, and 580 m jj.. With alkali this hemin is rearranged 
to the hemin of Nbgblein. Eoche and BfiN^vsNT are of the opinion that they are dealing 
here with the prosthetic group of cytochrome-a rather than that of the respiratory en- 
zyme. It is also possible that these two catalysts have the same agon. 

Obviously it will be very difficult to prove that any hemin isolated from tissues 
actually represents the prosthetic group of the respiratory ferment and not that of other 
intracellular hemin derivatives, e.g. of cytochrome components. The problem will remain 
open until such a time when the respiratory ferment may be obtained in solution and 
apart from other cell constituents (see p. 264 footnote). 

Catalase: 

For some time there had been indications that iron and particularly porphyrin- 
bound iron is a constituent of the enzyme catalase. Hennichs 476a), working in Eulee's 
laboratory, searched for a correlation between the iron content and the enzymatic 
activity of his preparations. Although the inhibition by HON pointed to the presence of 
heavy metal in the enzyme, he was unable to find a quantitative relationship because he 
considered the total iron which amounted to as much as 4 per cent in some of his pre- 
parations. Euler and Josbphson 396) investigated the degree of sensitivity to HON 
in relation to the iron content of more highly purified catalase preparations without 
arriving at clear-cut results. Kuhn and his collaborators, especially Beann 143), esta- 
blished the oatalatic activity of blood hemin. Although one hemin molecule is able to 
decompose only 10"® molecules of HjOg per second as compared with catalase, one mole- 
cule (or rather one iron atom) of which splits 10® HgOj molecules per second, hemin is 
very active when compared with inorganic ferric iron (10"® molecules of H^Ojper second 
per Fe atom). Work along these lines was continued by Euler and his associates, among 
them by Zbile 1370). 

In 1927, Euler and Josep^son 396) had obtained a catalase preparation from horse 
liver of the extremely high activity and purity of Kat. f. = 48,000 *) which they preser- 
ved in dry form. In 1930, Euler, Zbile and Hbllsteom 333) found that this preparation 
contained 0.6 per cent hemin, as determined spectrophotometrically. Inasmuch as the 
method of purification employed in this instance did not exclude with certainty a con- 
tamination by hemoglobin, Zbile and Hbllsteom 1377) developed a method which 
would permit one to obtain highly active liver catalase free from even traces of hemoglo- 
bin. They adapted the chloroform emulsion procedure used by Tsuohihashi 1187) for 
blood catalase for their purpose. 

Horse liver is finely minced and extracted with water. The extract is treated with 
alcohol and the heavy protein precipitate formed is removed. The remaining red 
fluid is shaken with an alcohol-chloroform mixture. At this stage not only colorless 
liver proteins but also all of the hemoglobin is coagulated. The enzyme remains almost 
entirely in the supernatant olive green-brown solution. With a pocket spectroscope 
the following spectrum is observed in such preparations: 

I. 650 . . . 646—620 610 H. 650—580 620 .. . 510—490 

629 m fi 540 m fi 500 m ii 

This spectrum resembled that of methemoglobin, while the spectrum of alkaline hematm 
has bands shifted approximately 10 mfj, towards the blue region when compared with the 
spectrum of the liver pigment. A further increase in purity is accomplished by adsorbing 
~ — -- — monomoleoular 

Sft) f - - ■ . . . ; 

^ ’ gm. Enzyme in 50 cc. Reaction Mixture 
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the pigment on calcium phosphate or on aluminium hydroxide gel and' by subsequent 
elutriation by 1% Na 2 HP 04 . The iron in this hemin compound is in a stabilized 
trivalent state: strong reducing agents like Na 2 S 204 are without an effect. By adding 
alkali as well as pyridine and hyposulfite a typical hemochromogen spectrum is formed 
which is indistinguishable from that of protohemochromogen. Treatment with glacial 
acetic acid and hydrazine yields the spectrum of protoporphyrin. The proof that this 
pigment, which obviously contains a heme either identical with or closely similar to 
blood hemin (protoheme IX), is the enzyme catalase itself and not an impurity consists 
in the fact that the ratio of the enzymatic activity, k, to the content in porphyrin-bound 
iron, Pep, remains constant for a given liver extract upon fractional adsorption on various 
adsorbents and aging. For one horse liver preparation the k/Pep-ratio was found equal 
to 2500 (Zbile and Hbllstrom 1377)) and for another it was 3200 (Zbilb 1371)). Still 
other values of k/Fep were found for catalase preparations obtained from plant sources, 
e.g. cucumber seedlings. These discrepancies still remain to be explained. They maybe 
due to slight differences in the protein bearer of the enzyme. 

Additional evidence for the hemin nature of the active group of catalase was fur- 
nished by Zeilb and Hbllstrom 1377) through a study of the reaction of the enzyme 
with HCN. Upon adding an equimolecular amount of HCN to ^ con centrated catalas e 
solution a compound with two absorption bands, at 584 and 657 is formed. The 
fact that dilution or aeration will partly or even completely restore the spectrum of the 
free enzyme is proof for the reversibility of the phenomenon. The values obtained for 
the dissociation constant of the HON -complex by approximate spectroscopic measure- 
ments and by accurate activity determinations agree well with each other (K == 8.640~^). 

The enzyme will form a similar reversible complex with HgS which is known to be a 
strong inhibitor of catalase. The bands of the HgS-eatalase complex are at 640 and 580 
m fjL with a shadow reaching to 640 m ^6. 

Finally, the observation of Zbile 1371) that eatalatieally active solutions prepared 
from germinated cucumber seeds exhibit an absorption spectrum identical with that 
seen in liver extracts and that this pigment forms a HON-compIex with properties ana- 
logous to those of the liver pigment, justifies the conclusion drawn by Zbile that catalase 
is a hemin containing enzyme. Although the evidence produced by this author pointed 
to a close relationship or even identity of the catalase hemin with ordinary blood 
hemin, the experience that isomeric hemins possess an identical absorption spectrum 
called for direct chemical proof concerning the- structure of the prosthetic group of cata- 
lase. Such a proof has been furnished (Stern 1081a, 1084)). 

Enzyme preparations obtained by the method of Zbile and Hbllstrom are usually 
too dilute to serve directly for the isolation of the catalase hemin. The enzyme may be 
greatly concentrated without an appreciable gain in purity by the use of acetone and 
COg at low temperature. This procedure represents one step in the preparation of the yel- 
low enzyme from brewer’s yeast (Warburg and Christian 1241)). Concentrates were 
thus obtained which had an activity, k, equal to 26,000. They will show the enzyme 
spectrum in layers of 1 mm. thickness. The catalase concentrates were subjected to clea- 
vage by acid-acetone. Upon concentrating the solution after removing the denatured 
colorless protein, crude hemin crystals were obtained. 60 pounds of horse liver yielded 
approximately 40 mg. crude hemin crystals. Eecrystallization from propionic acid-HOl 
gave 9 mg. pure hemin. In order to determine the configuration of the side chains in the 
catalase porphyrin, the hemin was deprived of its iron by treatment with Hl-glacial 
acetic acid. The porphyrin thus formed was extracted with ether and fractionated with 
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HCl. The mesoporphyrin fraction was esterified with HCI-methanol and the resulting 
dimethyl ester was isolated and purified by recrystallization from pyridine-methanol 
(yield 1 mg.). The spectrum of the isolated mesoporphyrin was found to be identical with 
that of an authentic sample of pure mesoporphyrin IX. The same was true for the spec- 
trum of the dimethyl ester when it was compared with that of pure synthetic mesopor- 
phyrin IX dimethyl ester prepared by H. Fischee. Ultimate proof of identity of the 
mesoporphyrin dimethyl ester obtained from catalase hemin with the synthetic Fischee 
ester was afforded by the fact that the melting point and the mixed melting point of these 
samples were the same. The mesoporphyrin esters are especially suited for this purpose, 
because they have well-defined melting points which differ in the case of isomers and 
which will show appreciable depressions when mixtures of isomers are tested. This is 
proof that the catalase hemin is a derivative of etioporphyrin III and that the side chains 
of the mesoporphyrin are arranged in the pattern IX just as in blood hemin. There still 
remained to establish the identity of the catalase hemin with protohemin, since hemato- 
hemin and mesohemin will yield the same mesoporphyrin as protohemin. This was done 
by combining the enzyme hemin with native globin and by comparing the methemo- 
globin and the derived hemoglobin and oxyhemoglobin with the corresponding pig- 
ments prepared from crystalline horse blood hemin and the same native globin. The 
position of the bands of these pigments was identical. It should be mentioned, however, 
that the reduced hemoglobin obtained from the enzyme hemin showed a somewhat 
better defined absorption band than the blood hemin control. Taken all together, the 
conclusion appears justified that the prosthetic group of catalase is identical with that 
of the respiratory protein hemoglobin. Inasmuch as the iron of catalase exists in the ferric 
state, the enzyme should more appropriately be compared with methemoglobin 
rather than with reduced or oxyhemoglobin. 

Less is known about the protein moiety of catalase. That it cannot be identical 
with globin is apparent from the very low catalytic activity of methemoglobin. The 
protein is much more stable than globin, at least in the combined state: chloroform treat- 
ment which will rapidly denature hemoglobin leaves the catalase protein intact. Several 
physical-chemical constants of catalase which are largely due to the protein component 
have been determined. The isoelectric point was found at ph 5.58 (Steen 1072)) in 
good agreement with earlier measurements by Michabus and Pechstein 817). The mole- 
cular weight has recently been determined with the aid of the analytical ultraeentri- 
fuge. The sedimentation constant ( 820 °) of horse liver catalase was found to be 11 •10~^® cm. • 
sec. -dynes (Steen and Wyckopf 1098,1099)). The sedimentation constant of purified 
beef liver catalase was determined as 1-21-^®. Sumnbe and GsALfiN 1108, 1109), in 
Svedbeeg’s laboratory, found a sedimentation constant of 11.3 X 10 -“ between ph 6.3 
and 9.6. The determination of the diffusion constant (D == 4.1-10-’) and of the partial 
specific volume (Vp = 0.73) permitted the calculation of the molecular weight. The 
value obtained was 248,000. Prom the iron content of pure catalase it follows that one 
molecule of the enzyme, just as the four times smaller molecule of hemoglobin, must 
contain four heme groupings *). 

The isolation of the prosthetic group of catalase in crystalline state (724)) 
has lately been followed by the preparation of the enzyme itself in this form. Sdmnee and 
DotiNCB 1107b), by a method involving fractional precipitation with dioxane and salting- 

•) Earlier experiments with Anson and Noethrop’b diffusion method had indicated a mole- 
cular weight of catalase of the same order of magnitude as that of hemoglobin (Stern 1076 )). This 
j,^|onolusion must be revised in the light of the results obtained with the ultracentrifuge. 
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out with ammonium sulfate, obtained crystals from beef liver showing high catalatic acti- 
vity. Eight recrystallizatious from phosphate buffer with the aid of ammonium sulfate 
gave a product of Kati. ==25,000 to 26,000. The appearance of the crystals is either that of 
fine needles or of thin plates. Prisms were also obtained. It should be noted that the spe- 
cific activity of the crystals is somewhat lower than of some highly purified, amorphous, 
enzyme preparations previously obtained (e.g. by Eulsr and Josbphson 296)). The 
iron content of the crystals varied from 0.15 to 0.06 per cent, depending on the way in 
which they were prepared and the number of recrystallizatious. The isoelectric point 
of the crystalline material as determined by the Northeop-Kunitz apparatus after 
adsorption on quartz particles as well as the point of minimum solubility were found at 
ph 6.7. Solutions of the crystals showed absorption bands at 627 and 536 m/x. 

The air-driven quantity ultracentrifuge as developed by Beams, Bauer and Piokrls 
and by Wv ckoff, has been found useful in the purificationofcatalase (Stern and 
Wyckoff 1099)). Using chemically purified horse liver catalase of an activity, k, varying 
from 2100 to 6,500, and of a purity, Kat. f., varying from 4,000 to 8,980, as the starting 
material, bottom fractions of an activity as high as k = 161,500 and of a purity as high 
as Kat.f. = 33,400 were obtained. The hemin content of the best preparation was 900 
mg. per liter or approximately 1 per cent of total dry weight. The molecular sedimentation 
not only permitted the concentration of the enzyme to this extent, but it also brought 
about separation from a much heavier red pigment (Sedimentation constant, Sgj)^ = 
65*10~^®) with a molecular weight probably of the order of 3 to 4 millions. The best 
fraction obtained with the ultracentrifuge was not only homogeneous when examined 
with the analytical ultracentrifuge, but also when subjected to electrophoresis in the ap- 
paratus of Tiselius where the boundaries of the colloids are made visible by Toepler’s 
„Schlieren”-method (K. G. Stern, unpublished). Catalase purified in this manner may 
therefore be designated as homogeneous as judged by two independent criteria, viz. 
sedimentation in a gravitational field and migration in an electric field. 

By a method involving ammonium sulfate fractionation Agner 14a) has recently 
obtained catalase preparations of a Kat.f. of 55,000. This is far in excess of the activity 
of Sumner’s crystalline beef liver catalase fractions, another illustration of the fact that 
crystalline form, even after repeated ‘^recrystallisations”, is not a guarantee for the purity 
of a protein. 

At about 0.4 saturation with ammonium sulfate, according to Agner, an iron- 
containing compound is precipitated. From the properties mentioned by Agner it 
appears that this substance is identical with the macromolecular red pigment separated 
from catalase previously by Stern and Wyckoff 1099) by differential ultracentri- 
fugation. In addition, Agner finds a low-molecular copper protein in catalase preparations 
which may be removed by differential precipitation with picric acid. He advances the 
tentative hypothesis that this copper protein might be indispensable for the activity 
of the enzyme inasmuch as it may catalyze the reoxidation of the ferrous form of catalase 
by molecular oxygen as postulated by the scheme of Kbilin and Hartrbe 549), The 
observation of the latter workers, however, that the CO-inhibition of catalase may some- 
times be relieved by illumination (see also Galipano 169 )) appears to militate against 
Agner’s hypothesis since it is generally assumed that the CO complexes of Cu compounds 
are not dissociated by light. If it were true that both iron and copper participate in 
catalase action, than the 00-inhibition could only be relieved by light if both types of 
CO-complexes were subject to photodissociation. 

One of the important points concerning the constitution of catalase is the question 
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whether protoferriheme IX and the protein moiety are the only components of the enzyme 
whether it contains a second prosthetic group, namely, verdohemochromogen 
(see also p. 1*50)* During the acid-acetone cleavage of concentrated catalase preparations 
a blue-green pigment had been obtained in addition to the catalase hemin (Steen 1084)) 
which at that time was identified by E. Lembeeg as biliverdin. Later on, LEMBERa and 
Wyndham 711b) showed that the biliverdin did not exist as such in the purified liver 
extracts but was formed from a precursor by the treatment with HCI-acetone. The 
precursor was identified as verdohemochromogen which was possibly present in com- 
bination with a protein. Sumner and Dounob 1107b) state that even their eight times 
recrystallized beef liver catalase preparations contain or give rise to the formation of 
the blue pigment. It may be added that also highly concentrated and purified horse liver 
catalase solutions prepared by the quantity ultracentrifuge have been found to contain 
the precursor of the biliverdin (K. G. Stern, Unpublished observations). Obviously, 
if the precursor of the biliverdin is not a constituent of the enzyme itself, it must share 
certain physical-chemical properties with the enzyme, e.g. solubility, adsorbability, 
molecular size, which enable it to follow the enzyme even into extensively purified 
fractions. Under these circumstances it would appear that decisive proof for or against 
the presence of the bile pigment in the enzyme molecule could best be iuriiished by 
synthesis rather than by analysis of catalase. If catalase were built in a manner strictly 
analogous to methemoglobin it should be possible to resynthesize the enzyme from the 
carefully purified protein carrier and the hemin residue obtained by reversible dissocia- 
tion and, still more conclusive, from the natural protein bearer and natural or synthetic 
protoferriheme IX (blood hemin). Now it has actually been claimed by K. Aoneb 14) 
that it is possible to dissociate catalase by dialysis against HCl in a manner analogous to 
the procedure employed in the reversible dissociation of the yellow enzyme by Theorell 
1154) and that the non-dialyzable, colorless, colloidal component (protein) and the 
dialyzahle colored group (hemin) may be recombined with a restoration of the catalatic 
activity. If this were so, it would only be necessary to substitute pure crystalline proto- 
heme for the original colored group in order to solve the problem outlined above. Unfor- 
tunately, Agner has not yet published a more detailed account of his experiments. 
Attempts to reproduce his results in other laboratories have failed (Tauber and Kleiner 
1146); K. G. Stern, Unpublished). The main difficulty appears to be the pronounced 
lability of the bearer protein once the link to the prosthetic group has been ruptured. 
Agner does not mention the original activity of his enzyme preparation but only the 
activity of the ''resynthesized’’ product. A comparison of the activity of the latter with 
that of liver preparations obtained by methods identical with that used by Agner 
indicates that the extent of the reactivation which he achieved was probably less than 1 
per cent of the original activity. 

Mechanism of Catalase Action: If monoethyl hydrogen peroxide is added to 
a highly active solution of liver catalase, the absorption band of the free enzyme at 622 m/i- 
disappears. Instead, a new absorption band at 670 m /x, appears. At a rate corresponding 
to that of the decomposition of the substrate by the enzyme, the new band fades, and 
the original band of the free enzyme reappears. The cycle may again be released by 
adding fresh substrate (Stern 1082 )). The unstable compound responsible for the new 
absorption band has the properties postulated by the classical theory of Henri and 
Michaelis for an intermediary enzyme-substrate compound. The spectroscopic ^yole 
has been recorded by a spectrograph. The microphotometry of the plates thus obtained 
jahows that a fraction of the enzyme is not regenerated after completion of the reaction. 
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bet is destroyed in a side reaction (Steen 1087)). A large excess of substrate, of the order 
of, 10® molecules per enzyme molecule, is required for the complete, transformation of the 
spectrum of the uncombined enzyme into that of the enzyme-substrate complex. This 
ratio does not imply that. 1 molecule of the intermediate consists of 1 catalase and 10® pero- 
xide molecules. It simply means that ,an excess of substrate of this order is required to 
shift the equilibrium in the reaction 

Enzyme + Substrate Enzyme-Substrate Compound 
entirely to the right (Stern 1085)). No such intermediate is observed if hydrogen peroxide 
is used instead of ethyl hydrogen peroxide. Attempts have been made to measure the 
rate of combination between the enzyme and the alkyl hydrogen peroxide by spectros- 
copic, spectrographic and photoelectric methods (Stern 1085); Steen and Dubois 
1091 , 1090 )). Inasmuch as it is felt that the values obtained so far may be subject to 
some revision upon further experimentation, they are not included in this discussion. 
In any event, it has been demonstrated by these experiments that the rate of formation 
of the enzyme-substrate intermediate is rapid compared with the rate of the over-all 
reaction. It may be that the rate of decomposition of the intermediate is the raje- 
determinmg step in the chain of individual reactions composing the total process. The 
observation that the data obtained by kinetic studies of the over-all reaction fit the 
equation for a monomolecular reaction seems to support this tentative conclusion. The 
cause of the instability of the enzyme-substrate compound is not known. The iron 
of the enzyme persists in the trivaient state, when combined with the substrate (1085)). 
The constitution of the complex is very probably analogous to that proposed by Haueo- 
wiTZ 467) for the methemoglobin-HjOa compound which was discovered 38 years ago 
by Kobbet 584). A corresponding complex between methemoglobin and ethyl hydrogen 
peroxide (CjHgOOH) has only recently been described (Keilin and Haeteeb 645) ; 
Steen 1082)). P3u:idine ferrihemoehromogen is also capable of combination with HaO, 
(Haueowitz 468, 469)). Keilin and Haeteeb 648) confirmed the observation of the 
catalase-CgHgOOH complex and state that the enzyme will form a similar complex 
with H2O2 in the presence of certain inhibitors, like sodium azide and hydroxylamine. 
They are of the opinion that in the latter complex the enzyme iron exists in the bivalent 
state. More recently, these workers 549) have reported that while hydrogen pqroxide 
is a specific reductant of catalase, molecular-oxygen is required for the reoxidation to 
the active ferric form. Rapid removal of oxygen from the system will cause a strong 
inhibition of the reaction with the substrate. Keilin and Haeteeb propose the following 
scheme for the reaction between catalase and hydrogen peroxide: 

4 Fe- 4- 2 H2O3 = 4 Fe" 4- 4 H- 4- 2 Og 
, 4 Fe- -f H- 4- O2 = 4 Fe- -f- 2 HgO 


^ 2 HgOg — 2 HgO 4" O 2 

While this schema has a certain degree of probability, final proof for its validity has not 
yet been offered. In particular it seems to be difficult to understand why such a strong 
oxidant like HjOg should be unable to react with the ferrous form of the enzyme. On the 
other hand the protein hearer seems to affect tto reactivity of the heme grouping in 
such,#, drastic manner, as evidenced' by the resistance of the enzyme towards reducing 
agel^, that it is possible that the same is tru.e. for its behaviour towards oxidizing 
T^Eqnts. 

' ' From almost every point of view the problem of the nature of the protein bearer 
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tyrosine and phenylalanine in the molecule. 

Peroxidase: 

Willstattbe, in the course of his work on horseradish peroadase, observed that 
the iron content of the preparations would at first increase {1336b)) and later on de- 
crease (1336)) upon progressive purification. This finding th^t*the 

Z^ctTela Jt o?p«oi,. HpweTer. he coneidered the posethditj that the 

enzvme may exert its function in a reaction system contammg uron. 

Zk wa, continned secral years later by Kuhk, and Fiobkin M9). 

Inetead of determining the total iron content of their peroxidase preparatrons, these 
workers estimated the hematin content by a spectroscopic method after conversion into 
pyridine hemoehromogen. They came to the conclusion that there easts parallelism be- 
tween the very low hematin concentration and the enzymatic activity, expressed as 
“purpurogallol number” (P.Z.) of horseradish peroxidase solutions. Upon measurei^nt 
wfth a photoelectric spectrophotometer a steep absorption band 
but no long-wave bands were found in the enzyme solution. In view of the formation of 
pyridine pfotohemochromogen from peroxidase preparations, Kuhn and his associates 
excluded that the enzyme contains protoheme in combmation with a mtrogeneou 
pheron. Its constitution would then be analogous to that of catalase. 

The results obtained by Kuhn were re-examined by Eluott and Keilin 247). 
While at first a marked parallelism was found between hematin content and enzymatic 
activity, this relationship broke down in more highly purified products. Furthermore, 
the amount of hematin-iron present in these preparations of medium activity was much 
higher than the hematin or even the total iron concentration found by other workers 
in highly active preparations. The situation at this stage of research is perhaps best 
iUustrated by the diagram (Fig. 7), taken from Elliott and Keilin s paper. 

Elliott and Keilin point out that the figures given by Kuhn, Hand and FLOBraN 
for the activity of their peroxidase solutions, expressed in P.Z., appear too high when 
compared with the hematin content of their solutions. While, for examp e, a perom ase 
preparation of Elliott and Keilin of P.Z. = 818 contained 1.05 per cent hematm, Kuhn 
et al. found only about 0.105 per cent hematin in a product of P.Z. = 8400. Elliott and 
SuTTEB 248) had already noted that the quantities of enzyme mentioned by Kuhn et al. 
as taken for their activity determination were ten times too great. Upon dissolvmg a 
purified peroxidase preparation in water, Elliott and Keilin obtamed a distinctly 
brown solution exhibiting a strong absorption band at 642 m and two other bands at 
550 m /x and at 500 m /x which were partly masked by a general absorption, due probably 
to another, yellow pigment present in the preparation. Upon redaction a hemoehromogen 
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spectrum with a strong band at 555 m /r was observed. In the presence of more alkali 
another band at 526 m p, may be detected. The heme present in this compound may 
readily be transformed into pyridine hemochromogen. Furthermore, Teichmann’s 
hemin crystals could easily be obtained from different enzyme preparations. The authors 
expressed the belief that the compound responsible for the original absorption spectrum 
in peroxidase solutions is free acid hematin. Upon reinvestigating the question in 1937, 
Keilin and Mann 551), while confirming the break in proportionality between the en- 
zyme activity and the concentration of total hematin iron observed by Elliott and 
Keilin in the course of the purification of the enzyme, arrive at the conclusion that, 
nevertheless, the active group of 
peroxidase is a hematin com- 
pound. 

For the purification of the en- 
zyme, the method of Elliott 243) 
was employed. Non-cultivated hor- 
seradish is finely minced and extrac- 
ted with water. The pulp, when trea- 
ted in a hydraulic press, yields a cru- 
de brownish extract (P.Z. = 0.65). 

The extract is saturated with ammo- 
nium sulfate and the greyish pre- 
cipitate is filtered off. It is suspen- 
ded in water and dialyzed through 
cellophane first against running tap 
water and then against distilled 
water. Upon adding two volumes 
of 90 per cent alcohol a precipitate 
of low peroxidase activity (P.Z. = 

14 to 26) is formed. This is removed 
in the centrifuge. The addition of 
0.7 vol. absolute alcohol yields a 
small amount of a highly active 
precipitate (P.Z. = 112 to 800). This 
fraction could be further purified 
in various ways, e.g. by alcohol pre- 
cipitation, adsorption of impurities 
on tricalcium phosphate gel, or by adsorption of the enzyme on alumina A of Will- 
STATTBB and precipitation by tannic acid. After concentrating the eluate at room 
temperature a preparation with a P.Z. of 1500 was obtained. 

When examined with a Hartridoe reversion spectroscope four absorption bands 
at 645, 583, 548, and 498 m [i are found in all of these preparations. While the fourth 
band has probably the highest extinction, the first band in the red region which is not 
masked by other pigments is the most conspicuous absorption band and may readily 
be detected in preparations of comparatively low activity and even in the horseradish 
root itself. The band at 583 m is very weak and hardly detectable in preparations of 
low activity. This spectrum which was previously ascribed by Elliott and Kbilxn to 
acid hematin is actually that of the enzyme peroxidase which contains hematin in com- 
bination with a protein. Although we are probably dealing here with protoheme IX, i.e. 
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Fig* 7. Diagram showing the amounts of hematin-iron 
or of total iron per unit of peroxidase activity, in prepa- 
rations of varying concentration. The total iron figures 
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with blood heiam, chemical evidence of the type procured for the heme of catalase 
is still lacking. The iron in the active enzyme is in the trivalent state. The spectrum of 
peroxidase resembles closely that of methemoglobin and of catalase. In contrast to the 
latter, peroxidase may readily be reduced to the ferrous form by sodium hyposulf it e 
Reduced peroxidase shows two bands; a narrow and weak band at 594.5 
and a very strong and broad band at 558 m ft. On oxidation the bright red ferrous form 
reverts to the brownish red ferric form. 

The ferrous but not the ferric form of peroxidase combines reversibly with CO. The 
two hands of the ferrous form are thereby shifted to 578 and 545.5 m ft. KCN which in 
0.001 M. concentration inhibits the activity of the enzyme forms a spectroscopically 
well-defined complex with the active ferric form. The red solution shows a strong and 
wide absorption band at 542 m ft and a weak and narrow band at 581.5 mft with a shadow 
connecting the two bands. In general appearance the spectrum of the KON-peroxidase 
complex resembles somewhat that of cyanide methemogoblin. The addition of sodium 
fluoride to a slightly acid peroxidase solution causes a color change from brownish red 
to green. This is due to a shift of the four absorption bands of the free enzyme to 615, 
561, 529.5 and 496 mft. 

The change in the position and intensity of the first band is clearly visible in slices 
of horseradish root treated with NaP. The fluoride compound may be used for the spec- 
tral-colorimetrical estimation of the enzyme in situ. The inhibition of peroxidase amounts 
only to 50 per cent by 0.001 M. fluoride and to 25 per cent by 0.008 fluoride. When NO 
is added to peroxidase in an atmosphere of pure nitrogen, the four-handed spectrum of 
the free enzyme is replaced by two strong bands at 570.6 and 589.5 m ft. HgS will combine 
with the enzyme to form a complex with maxima at 587.5 m ft (weak) and 549.5 m ft 
(strong). Interesting phenomena were observed by Keilin and Mann 651) when hydrogen 
peroxide was added to strong peroxidase solutions. The color of the enzyme solution turns 
red and the enzyme spectrum is replaced by two bands which are situated at 661 and 

530.5 mix. The peroxidase-HgO^ complex is unstable and breaks down more or less 
rapidly to yield the free enzyme. Now it is generally assumed that peroxidase is capable 
of decomposing hydrogen peroxide only in the presence of a suitable donator like leuco- 
malachitegreen or pyrogallol. The authors assume, therefore, that the lability of the 
enzyme-peroxide complex is due to the presence of a substance in the enzyme prepara- 
tion which reacts with the H 2 O 2 which is activated by the enzyme. They find that one 
molecule of the peroxide is required to form the enzyme-substrate compound showing 
the two absorption bands mentioned above. On further addition of to a solution 
containing this complex the bands at 561 and 630.6 m ft. become diffuse and a new band 
begins to appear at 583 m ft. When the excess of H 2 O 2 reaches a concentration of from 
16 to 25 molecules per gram atom of iron contained in peroxidase the two bands of the 
original enzyme-H202 complex are replaced by two very strong bands located at 683 and 

645.5 m A maximum of intensity is reached at a ratio of about 100 molecules of sub- 
strate to 1 Pe atom of the enzyme. The color of this enzyme-substrate complex of higher 
order is deeper red than that of the equimolecular compound. The H 2 O 2 suffers rapid 
decomposition into water and molecular oxygen. Owing to the rapid break-down of 
the higher-order complex the authors were unable to ascertain the number of 
molecules required for its formation, A true peroxidatic reaction may be initiated by 
adding suitable donators like hydroquinone, pyrogallol, or ascorbic acid. A number of 
spectroscopic tests warrant the conclusion that in both compounds with the iron 
of the enzyme remains in the trivalent state. 
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While it is true that break in proportionality occurs between the hematin content of 
peroxidase preparations (estimated as pyridine hemochromogen) and their enzymatic 
activity at certain levels of enzymatic activity and also depending on the method of 
purification, there exists a strict proportionality between the catalytic activity and the 
concentration of the intact pigment as measured by the relative intensities of the ab- 
sorption band at 645 m jtt. This holds for preparations covering the wide range between 
P.Z. = 10 to 1500. The same is true for the intensity of the long- wave band of the fluoride- 
peroxidase complex. These findings suggest strongly that, while the absorption band at 
645 m ft is solely due to the enzyme, there are other hematin compounds present in the 
preparations which will yield pyridine hemochromogen. In other words, the peroxidase 
hematin represents only a portion of the total hematin compounds in the enzyme solutions 
which are estimated as pyridine hemochromogen. It has not been possible as yet to 
determine the concentration of active peroxidase hematin in terms of hemin or of iron 
even in the most active and highly purified enzyme preparations. The reason for this is 
that it is not known yet whether the peroxidase hematin is the only hematin compound 
present even in preparations of P.Z. = 1500. 

In conclusion it may be added that Sumner and Howell 1110) have found an ab- 
sorption band at 630 to 640 m ft in purified peroxidase preparations from fig sap. The 
hematin content of their preparation of P.Z. = 700 was found to be slightly higher than 1 
per cent in agreement with the findings of Elliott and Kbilin in the case of horseradish 
peroxidase. 

While it appears that the prosthetic group of peroxidase is identical with proto- 
ferriheme IX (blood hemin), nothing is known about the protein component. Work on the 
protein will have to await the preparation of homogeneous peroxidase. 

Appendix: Copper Proteins (Orthoplienol Oxidase): 

This enzyme is built in a manner quite different from the hemin-containing enzymes 
Just discussed. The only common feature is that there is also a heavy metal in the mole- 
cule. However, the metal is c o p p e r instead of iron. Although the structure of orthophenol 
oxidase is as yet unknown, the advances which have of late been achieved in this field 
would seem to warrant a discussion at this time. 

Potatoes, mushrooms, and other plant material contain a soluble oxidase. This en- 
zyme which has been called phenol oxidase, polyphenol oxidase, laccase, or catechol 
oxidase, is able to catalyze the oxidation of phenolic compounds like pyrocatechol by 
molecular oxygen *). The first reaction product in the case of pyrocatechol is ortho- 
quinone which may be either reduced back to pyrocatechol in the presence of suitable 
reducing systems, e.g. ascorbic acid or dihydropyridine nucleotides, or which may 
be further oxidized by the same enzyme. 

Kubowitz 613), working in Warburo’s laboratory, has succeeded in purifying 
orthophenol oxidase from potatoes to a large extent. The procedure employed in the 
purification consists essentially in alternating acetone and ammonium sulfate fractiona- 
tions, removal of inert proteins by heat denaturation at ph 7.4 and 9.7 and by precipita- 
tion with silver acetate, dialysis, and a final acetone fractionation. 

The purest enzyme preparation was weakly yellow. The solution is relatively stable 
at 0® (ph 7), and still more stable in half saturated ammonium sulfate solution. Kubowitz 
states that the enzyme is a copper-protein compound. The metal cannot be separated 


*) The earlier literature is reviewed in Orpenhbimeir 902). 
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from the rest of the molecule by dialysis; but it is removed by the action of acids.^ The 
copper content in various preparations is strictly proportional to the activity, as eviden- 

Mol. Oxygen transferred 

ced by the linear relationship illustrated in Fig. 8. The ratio Copper X Min nie 

is found to equal 880 under the conditions of the test devised by Kdbowitz for the deter- 
mination of the enzymatic activity. .... 

The copper content of the enzyme preparation shoving the greatest specific activity 
was 0.165 per cent. By comparing the oxidase with hemocyanin the Cu content of which 
is given in the literature as maximal 0.34 per cent, Kubowitz estimated the de^ee of 
purity of his best enzyme preparation to be about 50 per cent. The isoelectric point, as 
determined by electrophoresis, was found near ph = 5.4. The nitrogen content of the 

purest preparation was about 15 per 
cent. 

Keihn and Mann 662) were 
able to obtain the same enzyme in 
a perhaps even higher degree of 
purity from cultivated mushrooms 
(Agaricus or PsalUota campestris). 
The general procedure involved 
the following steps: fine mincing, 
pressing out in a hydraulic press 
after grinding with sand and adding 
water, precipitation with ammonium 
sulfate, dialysis, fractional precipita- 
tion with lead acetate, adsorption on 
tricalcium phosphate, followed by 
fractional precipitation with acetone 
in presence of lead acetate, another 
adsorption on triealcium phosphate 
and a final fractional precipitation 
with acetone. The activity of the 
various fractions was determined manometrically, from the rate of oxygen uptake by 
catechol, and colorimetrically, from the amount of purpurogallin formed from pyro- 
gallol under specified conditions. The purest enzyme preparation was free from hematin. 
Confirming Kubowitz’ discovery it was found that the oxidase is a copper-protein 
complex. In the range of less pure preparations of low activity there exists no propor- 
tionality. This is due to the presence of extraneous copper. A similar observation with 
respect to the presence of iron in peroxidase preparations had previously been made by 
WillstIttbe and Polungbe 1336). Only when the copper content reaches the low 
and constant value of about 8.2 — 3.5 y per Enzyme Unit does the Ou content become 
strictly proportional to the enzyme activity. The purest enzyme preparation obtained 
by Kbilin and Mann had a Purpurogallin Number of 940 and a copper content of 
0.80 per cent. Inasmuch as this is higher than the copper content of crystalline hemo- 
cyanin (0.173 to 0.26 per cent (H!eenlbe and Philippi)), the authors are inclined 
to consider their best preparation as the pure enzyme. 1 y of Cu contained in the 
enzyme molecule is able to transfer to catechol, at 20° in 1 min., about 6,000 cmm. 0^. 
9.6 mg. of this enzyme preparation were obtained from 15 kg mushrooms. While the 
crude extract of mushrooms would readily attack compounds like catechol, pyrogallol 
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Fig. 8. Specific activity and copper content of potato 
polyphenol oxidase. (From Kubowitz OIS)). Abscissa, 
Specific activity; Ordinate, Copper content in %. 
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and p-cresol, the enzyme lost the property of oxidizing monophenols upon pnrification. 
Both Kubowitz and Kbilin find that the enzyme is inhibited by HCNj I^S and CO. 
In an atmosphere containing 90 yoL per cent 00 and 10 yoL per cent Og, the rate of 
oxidation of pyrocatechol is only one half that observed in 90 voL per cent argon and 10 
voL per cent O 2 . Other substances known to form stable complexes with copper, like 
salicylaldoxime or diethyldithiocarbamate, also inactivate the enzyme (Kubowitz 613)), 

Kubowitz 614, 615) reports further interesting results obtained with the potato 
phenol oxidase. Upon adding HCN to a solution of the enzyme inactivation results and 
copper diffuses out through a dialyzing membrane. The addition of copper in inorganic 
form to the non*»dialyzable residue restores the activity. From this experiment Kubowitz 
concludes that Cu in ionized form represents at the same time the prosthetic and the 
active group of the enzyme. It appears however that his results may be capable of a 
somewhat different interpretation. This is particularly true in view of the fact that 
Kubowitz obtained an analogous result with hemocyanin from Octopus. Now it is 
known from the work of Conant et al. 178) that the prosthetic group of hemocyanin 
consists of copper in complex linkage with a sulfur containing polypeptide. If it is assu- 
med, as a working hypothesis, that the metal is linked up with the rest of molecule 
through dithiolinkages ( — S — S — ) *), one would expect the metal to be detached from 
the large complex by the action of HCN which is known to reduce dithio to sulfhydryl 
groups. A small molecular and consequently diffusible Cu-SH-complex would thus 
be formed. An addition of copper salt to the remainder of the enzyme molecule may then 
serve to reoxidize its SH-groups to S — -S-groups, a reaction known to be catalyzed by 
copper salts, and at the same time provide for a replacement of the copper lost through 
the dialysis. A difficulty here is that Cu ordinarily will form complexes more readily with 
SH- than with S-S-compounds. Whatever the true explanation may be, it is felt that the 
observations of Kubowitz, at the present time, do not seem to prove conclusively his 
contention that Cu ions are the prosthetic group of phenol oxidase. 

Kubowitz was furthermore able to show that the metal undergoes a valency 
change in the course of the catalysis. When pyrocatechol is added to phenol oxidase 
under pure CO, one molecule of enzyme will oxidize one molecule of the substrate to 
o-quinone. The univalent Cu thus formed absorbs the theoretical amount of CO from the 
atmosphere. It may again be released by adding HON. The latest preparations of potato 
polyphenol oxidase obtained by Kubowitz by an improved procedure (615)) contain 
0.2 per cent Cu and are considered to represent the pure enzyme. **) 

2) Titazymes. 

The term ^^vitazymes’’ has been proposed by v. Eulek 324) for substances which 
represent vitamines, i.e. essential food factors, and which exert their function in the 
organism by combining with a colloidal bearer (protein) to form an enzyme. Thus far 
two cases of this kind have been uncovered, viz, that of the yellow enzyme the agon 
of which is identical with vitamin B 2 (or vitamin G according to the American nomen- 
clature) and the case of carboxylase (and pyruvic acid oxidase) the prosthetic group or 
coenzyme of which is identical with vitamin B^ pyrophosphate. Although a similar 

*) See Th. Bbbsin 101a). 

According to Keilin and Mann (Nature 148, 23 (1939)) the enzyme La cease isabo a 
copper-protein. The veiy strong oxidation of catechol by the blood of some invertebrates is an 
itpsevdo oxidatic'* action of the hemocyanin itself (Bhagvat and Eichter, Biochem. Jl, 82, 
1897, (1988)). 
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function is being suspected with regard to vitamin C, no convincing proof in support of 
that view has as yet been furnished. Nevertheless, ascorbic acid shall briefly be treated 
in this section, because there is evidence to show its participation in oxidative biological 
processes. At a later time it will probably become necessary to include the pyridine 
nucleotides in this group (see p. 212). 

a. Flavinphosphoric Acid and Yellow Enzymes (Flavoproteins) *). 

In 1932, Warburg and Christian 1239, 1240) reported the discovery of a new, 
hemin-free, oxygen transferring enzyme in bottom yeast and in tissue extracts. In accor* 
dance with its color the authors designated it briefly as “yellow enzyme”. Although not 
very satisfactory, this term has been retained by Warburg and by many workers up to 
this day. The test system for the activity of the enzyme consisted of hexose monophos- 
phoric acid (Robison ester), of a thermostable coferment obtained from red blood cells 
and of an “activating enzyme” or "zwischenferment” prepared either from red blood 
cells or from Lebedbw juice from bottom yeast. Only in presence of the yellow enzyme 
did oxidation of the substrate to phosphohexonic acid and uptake of molecular oxygen 
take place. It could be shown that the enzyme was capable of reversible oxido-reduetion; 
and that the reduced leuco form could be readily autoxidized by molecular oxygen (or 
methylene blue). 

The over-all reaction could be subdivided into two steps. In the first step hydrogen 
was transferred from the substrate (after "activation” by the coenzyme-zwisehenferment) 
to the yellow enzyme which was reduced to the leuco form. In the second step the active 
form of the yellow enzyme was regenerated by reaction with molecular oxygen. The 
oxygen is not completely reduced to water, but only partially, namely, to hy- 
drogen peroxide. 

Upon warming the enzyme with methanol-water, a yellow, low-molecular pigment 
with an intense green fluorescence was split off (Warburg and Christian 1245)). If this 
pigment was irradiated in alkaline solution with a tungsten filament lamp, a photo- 
derivative was obtained which was both water and chloroform soluble and which could 
readily be crystallized. Elementary analysis yielded the empirical formula CjaHjaNjOj. 
After heating with barium hydroxide solution, urea was isolated as the xanthydrol 
complex. Each of these findings proved of great significance for the subsequent elucida- 
tion of the structure of the pigment. 

Warburg and Christian were not the first workers to observe the presence of a 
yellow, green fluorescing pigment as a constituent of biological materials. As a matter 
of fact, Blyth, in 1879, described a yellow pigment, lactochrome, which he obtained 
from milk and which must have consisted, at least in part, of lactoflavin. The study of 
lactochrome was again taken up in 1925 by Blbybb and Kallmann 125). They did not 
succeed in obtaining the pigment in pure form. Early in 1932, Szent-Gyorgyi and 
Banga 1127), in the course of the purification of the coferment of lactic dehydrogenase 
from heart muscle, obtained a yellow pigment which they called cytoflav. Although they 
ascertained that it was not directly concerned with the dehydrogenation of lactic acid in 
muscle, the fact that it could be reversibly reduced and reoxidized led them to suspect 
that cytoflav plays some r61e in cellular respiration. In the same year it was reported 

•) Review articles have been written by Kuhn, Waonhb-Jaubbog, Thborell, Wbygand, 
Wakburo 627, 1207, 628, 630, 1209, 681, 1161, 684). 

See also Ofpenhbikrb’s ‘‘Supplbmbot”, p. 1677—1685. 
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that a yelloWy green fluorescing pigment occurs in purified horse liver extracts and that 
it appeared to be associated with the catalatic activity exhibited by these preparations 
(Stern 1077)). 

Early in 1983, Kuhn, Gyorgy and Waonbr-Jaurego 645) and Ellinger and 
Koschaea 239) described ‘'a new class of. biological pigments”, designated by the first 
group of workers as flavins and by the second groups as lyochromes which are ob- 
viously identical with the yellow, green fluorescing pigments previously described. The 
most interesting fact discovered by Kuhn, Gyorgy and Wagner- Jauregg 646, 647) 
was the identity of the flavin, isolated in crystalline form from milk whey (lactoflavin), 
with a component of the vitamin B-complex. It was found capable of promoting growth 
in rats stunted by a flavin-free diet. More specifically, these workers identified lacto- 
flavin with vitamin Bg (or vitamin 6). Later work in other laboratories has shown that 
lactoflavin and lactoflavin phosphate are not only essential for the rat, but also for the 
dog where a lack of this vitamin eventually leads to the death of the animals. The essen- 
tial nature of lactoflavin for human nutrition has not yet been conclusively demon- 
strated. 

RiboflaviJi: In order to proceed from the simpler to the more complex substances 
we shall first take up the chemical structure of free lactoflavin. Following this its re- 
lationship to the yellow enzyme will be discussed. 

Kuhn et al. 646, 647) obtained crystalline, pure flavins from milk whey as well as 
from egg white (lactoflavin and ovoflavin respectively). Hepatoflavin from liver was 
isolated in crystalline form by several workers (Stern 1077b), KARRER et al. 525a), 
Stare 1064)). Other sources from which flavins were isolated include egg yolk, malt, 
various plants *) . The empirical formula of pure lactoflavin is Cx 7 H 2 oN 40 e (Kuhn et al. 
646, 647)). Irradiation in alkaline solution yields a photoderivative identical in every 
respect with that obtained previously by Warburg and Christian 1246). This compound, 
called lumiflavin by Kuhn and photoflavin by Stern, of the composition 
C32H13N4O2, differs from lactoflavin by an amount of €4^304. Kuhn assumed that the latter 
group represents a hydroxyl-containing side chain (carbohydrate?) which during photolysis 
is split off from a cyclic system containing weakly basic, probably tertiary N-atoms 
(Kuhn et al. 669, 666, 660)). Lumiflavin contains an alkali-labile ring the constitution 
of which was exhaustively studied by Kuhn and his coworkers. For some time, they were 
not able to decide whether lumiflavin is an alloxazine or a quinoxaline derivative. The 
summary formula found for lumiflavin agreed with that of a trimethylalloxazine pre- 
pared many years ago by Kuhling. Alloxazine is an analogon to phenazine, with the 
difference that one of the two benzene rings is replaced by a pyrimidine ring. Preliminary 
experiments performed by Kuhn and Baer 635) seemed to demonstrate such fundamen- 
tal differences between lumiflavin and alloxazine that Kuhn at that time was ready to 
discard the idea of a relationship between the two compounds. This inclination was en- 
hanced by the discovery 635) that 2-tetrahydroxybutyI-qumoxaIine, upon irradiation 
in alkaline solution, yields the chloroform soluble, yellow fluorescing, quinoxaline, 
thereby providing a perfect model for the photolysis of lactoflavin. On the other hand, 
Kuhn and Wagner- Jauregg 675) found that lactoflavin shares with alloxazine the 
property to yield, upon reduction by zinc, tin or sodium amalgam in dilute HCI, a red 


♦) For references tliQ review by Theorbll 1161) should be consulted. 
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intermediate on the way to the colorless completely reduced form; The red color was 
attributed to the formation of a semiquinoid monohydro radical of the type studied by 
L. Mighaelis. In Tiew of the considerable difficulties encountered by Kuhn and his 
colleagues in their endeavours to determine the structure of lactoflavin and in particular 
that of the photoderivative by analytical and degradation procedures, Stern and Holi- 
day attacked the problem from a synthetic angle, A comparison of Kuhling’s alloxazine 
with photoflavin (lumiflavin) showed that these compounds agree with regard to their 
remarkable stability towards strong acids, their light absorption pattern, and, as Kuhn 
had already found, with regard to the red intermediate upon reduction in acid medium. 
They differ with regard to solubility, alloxazine being insoluble in water as well as 
chloroform, and also to fluorescence: alloxazine does not exhibit a green fluorescence 
comparable to that of photoflavin. Now it occurred to them that phenazine and oxyphe- 
nazine differ from pyocyanine (see p. 228) in a way somewhat comparable to the difference 
between alloxazine and photoflavin. In both instances the biologically interesting pig- 
ment contains more methyl groups as compared with the mother substance. In pyo- 
cyanine the methyl group is attached to one of the phenazine-nitrogen atoms; and the 
formal analogy between phenazine and alloxazine suggested as a working hypothesis that 
in photoflavin a methyl group might be attached to one of the nitrogen atoms in the 
central pyrazine ring of alloxazine and thus produce the striking changes in properties 
between the two substances. It was indeed found that methylation of alloxazine under 
conditions where substitution at the central N-atoms would he expected produces an 
orange-yellow, strongly green fluorescent, water and chloroform soluble dye with an 
absorption spectrum closely similar to that of photoflavin both with respect to the pattern 
and the position of the bands (Stern and Holiday 1091, 1096), A series of such N-al- 
kylated alloxazines was synthesized, and for the '"natural” photoflavin the structure 
of a xyleno-9-methyl-alloxazine was postulated. The synthesis of three of these 
trimethyl-alloxazines (6, 7, 9-, 7, 8 , 9- and 6, 8 , 9-trimethyl-alloxazine) was also described. 
A decision as to which of the three compounds is identical with photoflavin was not 
made due to their closely resembling properties. 

In any event, these experiments proved that photoflavin and therefore also lacto- 
flavin are derivatives of benzalloxazine and furthermore that one of the pyrazine nitrogen 
atoms carries a substituent which is an alkyl group in photoflavin and a carbohydrate-like 
chain in lactoflavin. In the course of their synthetic experiments, Stern and Holiday 
1095) prepared a number of alloxazines carrying alkyl groups in the benzene ring, among 
them 6,7-dimethyl alloxazine. Kabrer et al 626, 627, 529) isolated the same compound 
as a product of the photolysis of lactoflavin in acid and neutral solution and they gave 
it the name lumichrome. This finding left no doubt that photoflavin is 6, 7, 9-trime- 
thylalloxazine (or 6, 7, 9-trimethylisoalloxazine in the nomenclature proposed by 
Kuhn). 
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Kuhn et al. 666, 681) proved the constitution of lumiflavin by a synthesis, which 
is more clear cut than that previously described by Steen and Holiday 1096). The 
various steps of the synthesis (see also Kuhn and Ebinemund 666)) are indicated in the 
following schema: 
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Synthesis of Lumilaetoflavin according to Kuhn. 


The interest was now focussed on the carbohydrate-like side chain of lactoflavin. 
Kabree et al. 637, 629) were the first to introduce hydroxyl-containing side chains in 
9-position in alloxazine. The products thus obtained showed a behaviour upon photo- 
lysis which was analogous to that of lactoflavin. Both Kuhn and Weygand 683, 685) 
and EIaeree et al. 618) were able to synthesize 6,7-dimethyl-9-(l-l-arabityl)-isoallo- 
xazine which was the first synthetic product to exhibit a certain vitamin Bg-activity. 
Whereas both groups of worWs were inclined at first to believe that the side-chain in 
lactoflavin is also derived from l-arabinose, in other words that the synthetic product 
was identical with the vitamin, the finding that the biological activity of the araboflavin 
was Va to Vs small as that of natural lactoflavin and that the melting points of the 
tetraacetyl derivatives did not agree, militated against this view. The search for the 
nature of the side chain was therefore continued, and about simultaneously Kuhn 668, 
667), and Kabbbr 618) and their associates reported the synthesis of the fully active 
d-ribose derivative. The identity of the riboflavin with natural lactoflavin was confirmed 
by V. Euler, Kareee et al. 298) and Gyoegy 436). The method of synthesis was 
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considerably improved both in Kuhn’s and in Karbbs’s laboratory 524, 633, 682, 
676, 631). In particular, the use of boric acid as a catalyst in the condensation of alloxan 
with the dimethyl-amino-ribitylamino-benzene has brought about a great increase in 
yield 686). One of the recent syntheses of riboflavin (lactoflavin) is illustrated by the 
following sequence of reactions (Kaebeb and Mebrwbin 624)): 
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Since then it has become apparent that all the flavins isolated from various plant 
and animal sources are identical with riboflavin (cf. Kuhn et al. 646, 647)) with the 
exception of the uroflavius obtained from Koschaba 688) from urine which differ 
distinctly in their behaviour upon chromatographic analysis. 

The isolation of riboflavin (lactoflavin) from biological sources is based on 
the following principles: Eiboflavin is readily adsorbed on Fullers earth or Prankonit from 
mineral acid or acetic acid solution. Elution is accomplished by pyridine-methanol- water 
mixtures. A precipitate of lead sulfide, formed in the solution, may also be used as ad- 
sorbent. Accompanying purine and other bases are removed by picric acid treatment. 
For the final purification the formation of silver- and thallium salts by riboflavin is 
utilized with advantage (cf. Kuhn et al. 627, 1207, 628, 630, 1209, 631)). The most 
suitable material for the preparation of natural riboflavin in quantity appears to be milk 
whey. Liver is also relatively rich with respect to the pigment, but the isolation and the 
separation from the many concomitant substances of similar physical-chemical properties 
is quite tedious (of. Stbbn 1077b)). While all of the flavin in milk occurs in free, dialyzable 
form, the contrary is true for liver. Boiling of aqueous liver extracts will readily liberate 
the flavin from its linkage to protein. 

The pigment crystallizes from aqueous or alcoholic solutions in orange colored need- 
les which tend to form clusters. The melting point or, better, the decomposition point 
of natural riboflavin has been found anywhere between 271° and 293°, coupled with 
considerable differences in the solubility of the fractions (Kuhn 667)). Aqueous solution 
of riboflavin show a brilliant green-yellow fluorescence, particularly when irradiated 
with long-wave ultraviolet or short-wave violet light. The fluorescence is quenched in 
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strongly acid and alkaline solution. The determination of the intensity of the fluores- 
cence in dependence on the hydrogen ion concentration has been used for the calculation 
of the dissociation constants of riboflavin (Kuhn and Mobuzzi 653a)). The values thus 
derived are pK/ = 1.7 and pKg' = 10.2. The isoelectric point of riboflavin as calculated 
from these values, ph 6 , should be replaced by the term isoelectric zone which, according 
to electrophoretic measurements of Theoeell 1161), extends from ph 3 to 9. Other 
physical-chemical properties of riboflavin, i.e. the absorption spectrum and the oxidation- 
reduction potential, will be discussed below, jointly with those of the other substances 
of this group. 


Riboflavin Phosphoric Acid and Flavin Adenine Dinucleotide: 

Up to 1934 it was generally believed that free lactoflavin (riboflavin) represents the 
prosthetic or active group of the yellow enzyme of Warburg and Christian. This belief 
was disproved, when Theoeell 1161) in Wakburg’s laboratory, upon cleavage of the 
yellow ferment with methanol, obtained the colored group combiued with a phosphor- 
containing acid radical. While free lactoflavin, according to Theoeell, will not migrate 
in an electric field at ph 7 . 2 , the colored group of the enzyme shows an electrophoretic 
mobility of u = 16.10 ~® cm^ -sec. -volt at the same ph. Theoeell was able to prepare 
the colored group of the enzyme in crj’’stalline form, as the calcium salt, and to identify it 
by elementary analysis as the monophosphoric acid ester of lactoflavin. While Theoeell 
in contrast to claims made by Kuhn 686 , 664) stated that free riboflavin does not com- 
bine with the bearer protein of the yellow enzyme to form a catalytically active compound, 
he found that riboflavin monophosphate will do so in a quantitative manner. 

Lactoflavin monophosphate is not only obtainable from yeast but it has also been 
prepared from animal tissues, e.g. liver (Theoeell, Kaeeee et al. 1164)). A synthetic 
lactoflavin phosphoric acid ester was obtained by treating lactoflavin with POCI 3 in 
P 3 T:idine (Kuhn and Eudy 662)). The position of the acid radical in the carbohydrate 
side-chain remained unknown. The product showed a slight coupling with the protein of 
the yellow enzyme. It may well have represented a mixture of isomeric phosphoric acid 
esters. Later, Kuhn, Eudy and Weygand 668) synthesized lactofIavin-5'-phosphoric 
acid via the 2',3',4'-triacetyl-5'-trityl derivative. Kuhn and Eudy 663) could 
show that the complex obtained by coupling the synthetic ester with purified bearer 
protein (50 per cent pure) had the same catalytic activity towards Eobison and Neubbeg 
ester as the corresponding complex obtained with the aid of natural flavin phosphoric 
acid. As far as the latter ester is concerned, Kaeeee, Pebi and Meerwein 621) were 
able to exclude the positions 2' and 3' of the carbohydrate chain as the place of attachment 
of the acid residue: Upon oxidation with periodic acid no formaldehyde is formed which 
is known to arise from pentose-3-phosphoric acid but not from pentose-5-phosphoric 
acid. Therefore, only positions 4' and 5 ' remain as possibilities, the latter of which appears 
the most likely one. The same workers modified the synthesis of the ester on the basis 
of Kaeeee and Mebbwein’s method 624). In view of very recent developments it is of 
great interest to note that Kaeeee, Prei and Mbbbwein 521) state that their Repara- 
tions of lactoflavin phosphoric acid from liver invariably contained adenylic acid up to 
60 per cent of the total weight. Although the authors were inclined to regard the adenine 
nucleotide as an impurity, they did not consider it impossible that there might exist a 
chemical linkage between the two constituents of their preparations. Wasbubq and 
Christian report 1266) that the coenzyme of the d-alanine oxidase, as isolated from 
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horse kidney, has the chemical composition of a flavin-dinucleotide. They intimate that 
the yellow enzyme which they isolated from bottom yeast in 1932 represents only one 
member of a whole group of enzymes with prosthetic groups containing flavin. Their 
finding explains why Kaebbb and also other workers encountered such difficulties 
in attempting to prepare pure riboflavin and riboflavin phosphoric acid from animal 
tissues, particularly from liver. In this connection one might also refer to the observation 
of GySegy, Kuhn and Wagneb-Jaubbgg 863) that optimal vitamin Bg-activity of lacto- 
flavin or of the phosphoric acid ester is produced only by simultaneous administration 
of vitamin concentrates which contain large amounts of adenine as an impurity. 

In a recent communication, Kabreb et al. 532) report that they have now tested 
their old riboflavin-phosphoric-adenine-nucleotide preparations obtained from liver for 
activity in the d-alanine dehydrogenase system. The result is that the impure flavin 
adenine nucleotide is active as the coenzyme of d-alanine dehydrogenase while further 
purified nucleotide preparations, showing a ratio of 1 : 1 between flavin ester and adenine, 
were no longer active. *) 

Straub 1107) from Keilin’s laboratory reports that highly active d-alanine oxidase 
coenzyme preparations from kidney contain appreciable amounts of flavin as shown by 
their optical behaviour (fluorescence). 

The Yellow Oxidation Enzyme: 

("Old” Yellow Ferment = Eiboflavinphosphate Proteid). 

Crude yellow ferment is obtained from brewers yeast according to Wabbubg and 
Gheistian 1239) in the following manner: 

Lebedew juice from dried bottom yeast is purified by treatment with lead sub- 
acetate. After removal of the excess of lead with phosphate the enzyme is precipitated 
at low temperature with COj and acetone in the form of a viscous oil. The oil is dissolved 
in water and the acetone-C02 procedure is twice repeated. This is followed by repeated 
reprecipitation with methanol at 0”. The crude enzyme may be stored in dry form. 

*) See also E. NsamBiN and BbSmhi., Bioeh. Zs. 800, 225 (1939), 
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One of' the purification procedures recommended by Wakbueo and Chbistian 
for the crude enzyme preparation consists in the removal of impurities by shaking a solution 
of the enzyme in NaCi solution with chloroform and octanol for 24 hours at 38°. Even 
then there remain appreciable quantities of foreign proteins and particularly of poly- 
saccharides. H. Theobbll 1148) was able to remove the tenaciously associated yeast 
gum from the yellow enzyme by ingenious electrophoretic procedures. Inert proteins are 
then removed by fractionation with ammonium sulfate. Upon dialysis against ammonium 
sulfate-containing acetate buffer of ph 5.2 the yellow enzyme precipitates in the form of 
particles of the size of red blood cells and with straight edges. Some of these crystals 
showed double-refraction. The content in flavin phosphate was 0.61 — 0.64 per cent. The 
minimum molecularweight, calculated on the basis of one flavin residue per molecule, 
is 73,000 ± 4000. Actually, Kekwick and Pedersen 653) obtained the following 
values upon studying Theorell’s preparation in the ultracentrifuge: 77,000 from the 
sedimentation equilibrium diagram and 82,800 as calculated from the sedimentation 
constant (5.76 ± 0,09 x 10~^^ cm/sec), from the diffusion constant (6.07 x lO-^cm^/see) 
and from the partial specific volume (0.731). 

Attempts to obtain pure yellow enzyme have also been made in Kuhn’s laboratory. 
Purification by the chloroform method of Warburg and Christian, electrophoresis 
according to Theorbll, and subsequent adsorption on aluminium hydroxide gel and 
elution with Na 2 HP 04 yielded preparation of 50 per cent purity (Kuhn and Eudy 663)). 
More recently, Weyg and and Stookeb 1296) were able to prepare yellow enzyme of 
100 per cent purity by the following steps: adsorption of the enzyme from a dialysed 
bottom yeast juice by aluminium hydroxide gel C y (at ph 7, in the presence of phosphate), 
elution with an ammonium hydroxide-diammonium phosphate mixture, repetition of 
the adsorption and elution procedure, precipitation of the enzyme at the isoelectric point 
(ph 5.2) by two volumes of saturated ammonium sulfate solution, repetition of the salting- 
out procedure, adsorption on aluminium hydroxide, elution and dialysis. From 30 kg. 
dried yeast 4.18 g. pure yellow enzyme were thus obtained. 

In pure form the yellow enzyme is much less stable than the preparations of War- 
burg and Christian which contained protective colloids of polysaccharide nature. It 
may be stored, however, for some time at 0° under saturated ammonium sulfate solution. 
The enzyme shows the solubility properties of an albumin: It is soluble in distilled water 
and does not precipitate at the isoelectric point. Upon addition of ammonium sulfate 
it begins to precipitate at 55 per cent saturation. The precipitation is complete at 67 per 
cent saturation. The ph-stability zone, as determined in the ultracentrifuge, has a lower 
limit at ph 4.5 to 4 (at about 30°). Upon lowering the temperature the stability increases 
in this range. 

The enzyme, upon elementary analysis, yields figures typical for a protein (Theo- 
rell 1162)): 

C = 51.5 %; H == 7.37 %; N -= 15.9 %; P = 0.043; S = 1.0 %. 

The specific rotation, [ao], is — 80°. 

The analytical study of the yellow enzyme has been extended to its content in 
amino acids by Kuhn and Desnubllb 640). These authors employed preparations 
of Weygand and Stocker 1296) which had been further purified by adding ammonium 
sulfate to 58 per cent saturation. This treatment removed 10 — 15 per cent of inert 
protein but did not shift the content in flavin, probably because the inert proteins 
adsorb some of the pigment upon precipitation. The remaining chromoprotein was 
sharply and completely precipitated within the range from 58 to 66.6 per cent saturation. 
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In this range there exists a linear relationship between the logarithm of ammonium 
sulfate concentration and the amount of protein remaining in solution, a relationship 
which represents a good eriterium for homogenity of a protein (B. J. Cohn). The figures 
obtained upon elementary analysis for this chromoprotein were: 

0 = 51.34, 51.49 %; H = 7.04, 7.21 %; S == 0.48 ; N = 16.27 %. 

The only significant difference between these values and those of Theohbll is the sulfur 
value {0.48 % as compared with 1.0 %). The optical rotation was found independent of 
the ph from 8.8 to 10.4 and somewhat dependent on the wavelength of light used for the 
determination. The rotation, ao, at ph 7.4 was — 0.27° (d = 10 cm, c = 0.70). Yellow 
enzyme preparations of this purity were dissociated into the colored group (riboflavin 
phosphate) and the bearer protein either reversibly by dialysis against 0.005 N. HCl at 
0° or irreversibly by treatment with methanol. The bearer protein was hydrolyzed by 
boiling with dilute H^SO* and in the hydrolysate a number of amino acids were deter- 
mined eolorimetrically. The values obtained were: Arginine 8.25 %,Histidine 2.75 %, 
Lysine 18.7 %, Tyrosine 7.75 %, Phenylalanine 5.75 %, Tryptophane 4.86 %, Cystine 
0.48 %, Glutamic acid 7.1 %. In a following paper (Kuhn and Dbsnuelle 642)), the 
content in aspartic acid was estimated to be approximately 2 %. Furthermore, the three 
hexone bases, arginine, histidine and lysine, were isolated in form of crystalline deri- 
vatives and glutamic acid was obtained as the hydrochloride. It is interesting to note 
that only 20 per cent of the total sulfur could be accounted for in the form of cystine even 
if the improved procedure of hydrolysis with formic acid-HCl, developed for insulin by 
Du Vignbaud and Miller, was followed. There is therefore a strong indication that 
other sulfur-containing amino acids are contained in the protem. Altogether about 66 per 
cent of the total nitrogen content of the bearer protein have been accounted for by the 
amino acid analyses. According to the present status, one molecule of the bearer pro- 
tein of the yellow enzyme contains, as major constituents, approximately 33 molecules 
of arginine, 13 molecules of histidine, 66 molecules of lysine, 40 molecules of proline, 
80 molecules of tyrosine, 24 molecules of phenylalanine, 17 molecules of tryptophane, 
34 molecules of glutamic acid, 12 molecules of aspartic acid and only 1 to 2 molecules 
of cystine. These figures are based on a molecular weight of the enzyme of 70,000. 

Reversible Dissociation of Yellow Enzyme: 

In 1984, H. Thbobell 1148) performed an experiment of fundamental impor- 
tance and of classical simplicity: When a solution of the yellow enzyme is dialyzed against 
0.02 N.HG1 at 0°, the inside fluid is slowly decolorized. It can be shown that the colored 
group has passed the membrane and that a colorless protein has remained behind. It 
exhibits the properties of a denatured protein, e.g. precipitation upon shifting the ph 
to 7. This "metaprotein” is unable to couple with lactoflavin monophosphate. If, how- 
ever, the acid is replaced by water and dialysis continued until all traces of HCl are 
removed, 50 to 70 per cent of the metaprotein is renatured. It is now capable of com- 
bination with the flavin phosphate; and the resynthesized complex has the same cata- 
lytic activity as the original enzyme. The combination between the prosthetic group and 
the protein takes place in a stoichiometric manner, as shown in the diagram. Fig. 9. 

Saturation of the bearer with the prosthetic group is reached when the molecular ratio 
between the two components is 1 : 1 (1164)). The test system was that described by 
Warburg and Christian, viz. Eobison ester, coferment, zwischenferment, in an oxygen 
atmosphere at 88°. The j^e, native bearer protein is considerably less stable than the 
whole enzyme complex. 
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The proeedGre of Thborbll for the reversible dissociation of the yellow enzyme 
by dialysis against HCl and subsequently against distilled water which requires several 
days for its completion has recently been replaced by a still simpler method yielding 
both components in a good yield within about one hour. Warburg and Christian 1257) 
add the same volume of saturated ammonium sulfate solution to a solution of yellow 
enzyme purified by electrophoresis, cool to 0° and shift the ph to about 2.8 by adding 
0.1 N.HCL The colorless precipitate thus formed contains 78 % of the protein bearer in 
native form while the prosthetic flavin group remains in the supernatant solution. 
Besynthesis is accomplished by mere remixing of the components. It may be demonstra- 
ted not only by the usual activity test with Eobison ester as the substrate but also 
visually by the disappearance of the green fluorescence of the flavin component when it 
is added to the protein solution under 
observation with filtered ultraviolet 
light. The resulting flavin proteid does 
not fluoresce. 

The finding of Thborell that the 
bearer protein, after acid dialysis of 
the enzyme, i.e. in the metaprotein 
stage, gives a positive test for SH- 
groups with nitroprusside which is 
abolished by the renaturation could 
not be confirmed by Kuhn and Dbs- 
NUELLE 641). These authors conclude 
on the basis of titration experiments 
with the blue porphyrindin radical as 
the oxidant that neither the reversible 
combination of the prosthetic group 
with the protein nor the reversible 
transition into the metaprotein or the irreversible heat denaturation of the protein 
involve the formation or disappearance of sulfhydryl groups. 

Of the synthetic complexes of the type of the yellow enzyme, that prepared with the 
aid of synthetic riboflavin monophosphate has already been mentioned (p. 189). An 
analogous, catalytically active, complex has been prepared by coupling synthetic Z-arabo- 
flavin with the natural protein component (Kuhn et. al. 669)). Just as araboflavin is less 
active as vitamin Bg than is riboflavin, the artificial enzyme complex also shows an en- 
zymatic activity somewhat inferior to that of the natural yellow enzyme. Kuhn and 
Bud Y 664) claim that free riboflavin, if employed in excess, is also able to form an aetiv e 
complex with the protein which is subject to dissociation even in neutral solution. 

Link between Prosthetic Group and Bearer Protein: 

In contrast to free riboflavin or riboflavin monophosphate the yellow enzyme does 
not show a fluorescence (Theorbll (Le. 116)). The fact that salt formation at the NH-group 
of the alloxazine nucleus in 3 -position will quench the green fluorescence of free flavins 
induces Kuhn and Boulanger 636) to assume that this imino group is one of the places 
of attachment of the prosthetic group to the protein in the enzyme. This is supported by 
the observation that 3-methyHactoflavia is devoid of vitamin B 2 “activity, This is to be 
interpreted as due to the inability of the substituted flavin to combine with the specific 
protein in the animal organism. The third argument adduced by Kuhn and Boulanger 

Oppenheimer-Stern, Biological Oxidation. 



Fig. 9. Resynthesis of the yellow enzyme. Ordinate, 
catalytic activity in terms of 02 -uptake of the test 
system; Abscissa, amount of flavin phosphate added 
to constant amount of carrier protein (Theorell 1154)) 
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corresponding bands of the free riboflavin monophosphate 
(and also riboflavin itself and the photoderivative, lumi- 
flavin) are shifted about 20 m p. towards the blue end of 
the spectrum. The absorption maxima of lactoflavm 
(riboflavin), according to Kuhn et al. 646,647), are at 
220, 270, 865, and 445 m m. Theoeell places the steep 
band in the short-wave ultraviolet at 290 m /x. In any 
event, this maximum is almost completely masked in 
the yellow enzyme by the superimposed protein band. 

In alkaline solution the peaks of the a- and ^-band of 
lactoflavin are shifted towards the red (4 m^), the 
same being true for lactoflavin monophosphate (8 m p.); 
at the same time, the green fluorescence exhibited by 
both compounds at neutral solution disappears (Kuhn, 

Eudy 1010). 

The fluorescence emission spectrum of lactoflavin 
has recently been measured by Eymbes and van 
ScHOUWENBUEG 329). The absorption spectra of allo- 



Pig. 10. Absorption Spectra of 

the Yellow Enzyme (2) and of 
Bibollavin (1) acc. to Ktriiy 
1016 ). 
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xaziiie and of related compounds have been • studied by Holiday and Steen 490). 

Oxiiatloii-Rediictlofi Petentlals: In their first communications on the yellow en- 
zyme, Wakbubo and Oheistian 1240, 1241) stated that it is capable of reversible 
reduction and oxidation. The same had been observed by Szent-Gyoboyi 1127) 
with respect to cytoflav which -is identical with flavin phosphoric acid. Subse- 
quently it has been shown that all compounds of this class,, i.e. not only the 
enzyme and the flavin group, but also the photoderivative, lumiflavin (photo- 
flavin) and even the simple alloxazines may be reduced by suitable reductants to 
colorless leuco compounds and reoxidized to the original form. Kuhn and Wagnbe- 
Jaubegg 675) made the observation that when lactoflavin (and also alloxazine) is re- 
duced in strongly acid solution, a red intermediate with an absorption band at 490 m ja is 
formed in the course of the transformation of the yellow, oxidized, to the colorless, leuco- 
or dihydroform. They suggested that this red intermediate is a semiquinoid radical of the 
type extensively studied by Michaelis and his associates (see p. 100). 

Potentiometric tritrations, performed with purified but still somewhat impure flavin 
preparations from liver, urine, and malt, confirmed the reversibility of the oxidation- 
reduction process and indicated a normal potential (E'J at ph 7 of about —0.200 V. 
(Stern 1079)). Subsequently, crystalline photoflavin obtained from liver and from yeast 
(the latter furnished by Waebubg and Chbistian) was subjected to a potentiometric 
study (Steen 1080)). The normal potential, at ph 7.0 was found at —0.227 V. While 
in neutral and alkaline solutions the titration curves are similar to those of systems with 
an electron number of 2, the slope of the curves becomes increasingly steeper with de- 
creasing ph. At very low ph- values a break in the titration curves, at the point where 
the red intermediate of Kuhn and Wagner- Jaueegg exists, indicates that here the 
reduction and oxidation are taking place in two distinct steps each involving the exchange 
of one electron. Above ph 2, considerable overlapping of the two individual steps occurs; 
but nowhere is the index potential exactly that of a two-electron system, indicating that 
throughout the entire ph-range there ought to exist a certain, if only small, concentration 
of the semiquinoid radical. 

The normal potential of lactoflavin at ph 7 was given by Kuhn and Moruzzi 674) 
as — 0.21 V. (extrapolated value). 

"When both the natural and the synthetic members of the flavin group became 
available in pure form and in sufficiently large amounts, comprehensive potentiometric 
studies were conducted both in Kuhn’s and in Michaelis’ laboratory. The position of the 
normal potentials with varying ph was determined with greater accuracy and the effect 
of changes in the molecule, such as substitution in the benzene, pyrimidine and pyraziiie 
ring, was studied. The reader is referred to the papers by Kuhn and Boulanger 636) and 
by Michaelis et al. 122) as to the details of their results. The normal potential, E'^, at 
ph7.0, of lactoflavin (riboflavin), natural and synthetic riboflavin phosphoric acid was 
found between —0.185 and —0.191 V. (Kuhn and Boulanger 636)). It was confirmed 
by both groups of workers that the red intermediate formed upon reduction in acid 
solution has the properties of a semiquinoid radical. Eurthermore, Michaelis et al. 822) 
could show that the color of the radical in the neutral ph range is olive green as contrasted 
to the red color of the cationic radical. The most important finding in these studies was 
that of Kuhn and Boulanger 636) that the potential of the yellow enzyme is much 
more positive than that of the free riboflavin or of the phosphoric acid ester: E'^^ at ph 7.0 
was found between — 0.059 and 0.066 V., i.e about 120 millivolts more positive than 
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that of riboflavin alone. The combination of the negative riboflavin system with the 
protein bearer thus creates a redox system of a potential in the methylene blue range. 
Furthermore, the protein renders the reactivity of the flavin radical more specific. 
The value given above for the normal potential of the yellow enzyme was deter- 
mined at 38° because the establishment of equilibrium potentials was too sluggish at 
20°. Kuhn and Boulangee find in the case of 6, 7, 9-trimethylalloxazine that the poten- 
tials between 0° and 88° are proportional to the absolute temperature (E'„ at ph 6.9 was 
—0.181 V. at 0°, —0.201 V. at 20° and —0.216 V. at 38°) *). 

The dependenee of the 
normal potentials of ribo- .. 
flavin on pli is illustrated, 
in Pig. 11 (for theoretical 
treatment see p. 100). 

Kuhn and Strobele 
671) have prepared qniii- 
hydrone-like derivatives of 
riboflavin (rhodoflavin, 
verdoflavin, chloroflavin) 
which differ with regard 
to their level of oxidation, 
i.e. where the .ratios be- 
tw^een quinoid and hydro- 
qiiinoid form are different 
from 1:1. Michabms and 
SohWxIrzbnbachSM) have 
recently reinvestigated the 
potentials of riboflavin in 
solution and they find that 
only; the free semiqninoid 
radical and its bimolecular dimerisation prodnct bnt no other species of intermediary 
oxidation level are formed. 
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Fig. 11. Plot of the normal potentials of riboflavin against pli. 
El, normal potential of mixture of the fully reduced and of the 
semiquinoid form; Eg, normal potential of mixture of the semiqui- 
noid and the fully oxidi25ed form; Etn, normal potential of mixture of 
fully reduced and of fully oxidized form; Kt, dissociation constants 
of oxidized form,, Ks, dissociation constants of reduced form 
(Michaisos, Schubert and Smythe 822)). 


Other Alioxazine Proteids. 

That the original ''yellow enzyme'' and alanine oxidase are not the only alloxazine 
proteins is borne out by a preliminary report by Ball 59) from Warburg's laboratory 
stating that xanthine oxidase, too, belongs to this group. Purified solutions of 
xanthine oxidase from whole milk have a strong golden brown color and an absorption 
band between 400 and 500 m ft. This band disappears if hypoxanthine or xanthine is 
added under anaerobic conditions. The original color is restored by air. The difference 
spectrum between the reduced and the oxidized form has two bands at 370 and 465 iiift, 
i.e. there where the yellow enzyme has specific light absorption. The prosthetic group of 
the enzyme may be spKt off by acid or alcohol. The colored solution thus obtained has 
two bands at 450 and 375 m/x, similar to the bands of free riboflavin, and it exhibits 
also other properties of flavin preparations. Thus, it may be converted to lumiflavin 
(or photoflavin) by irradiation in alkaline solution. While it has not yet been possible 
to effect a quantitative cleavage between prosthetic group and native protein pheron, 

*) With regard to the interaction of the yellow enzyme wuth pyridine coenzymes the notes by 
Haas 430b) and by Kenner 5eia) should be consulted. 
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, a partial .separation Iias^ been accomplished. The protein part so obtained shows a 3—4 
fold increase in activity upon addition of a solution of the colored group. The latter can- 
not be replaced by riboflavin mono phosphate or by the flavin-adenioe-dinuclootide 
obtained from alanine oxidase. Its constitution is as yet unknown excepting the demon- 
stration that it contains a flavin component. It is not surprising, therefore, that several 
years ago' Green and Dixon 418a) were unable to find an activating effect of riboflavin 
on' relatively impure xanthine oxidase preparations when molecular oxygen was used 
as the acceptor. They concluded that no flavin or yellow enzyme is required for the 
Teaction of this dehydrogenase with molecular oxygen. The findings of' Ball stress the 
need for exercizing caution in drawing conclusions from experiments with systems the 
chemical composition of which is unknown. 

, Eecent publications from Warburg’s laboratory make it clear that there exists in 
Nature a whole class of ‘'yellow enzymes” or, better, alloxazine proteids which differ 
with respect to the constitution of their prosthetic group as well as that of the bearer 
protein and which show a well-defined specificity. A ''crossing-over” of the prosthetic 
groups or of the pherons in the test tube will produce synthetic enzymes of equally well- 
defined properties. 

For purposes of classification, Wajeibubg, in a recent review (1236)), has suggested to 
index the various enzymes with the aid of the donators and acceptors with which they 
react under the conditions of the in vitro tests. Warburg and Christian 1257) now 
propose to furnish the protein component with the same index as that given to the active 
conjugated protein from which it is obtained by splitting off the prosthetic alloxazine 
group. They suggest, accordingly, the following names for the yellow enzymes and their 
proteins thus far isolated in Warburg’s institute. (Table 13.): 


TABLE 18. 


Protein 

Enzyme 

Other Names 


Protein Dihydropyndine 

Alloxazine Proteid omydro- 

pyridine 

Alloxazine- Adenine-Pro - 

Original Yellow Enzyme 

2.— 

Protein Dihydropyridine 

— 



teid Dihydropyridine 


8.— 

Protein (Methylene blue), 
Dihydropyridine 

Alloxazine- Adenine-Pro- 

teid Methylene blue), 
Dihydropyridine 


4.—: 

Protein Amino Acids 

Alloxazine- Adenine-Pro- 

d- Amino Acid Oxidase 



teid 0., Amino Acids 


5.— 

Protein o„ xanthine 

Alloxazine- Adenine-Pro- 

Xanthine Oxidase 



teid o,. Xanthine 

(ScHABDiNGER Enzyme) 


Enzyme No. 1. is the original yellow enzyme, now called the "old” yellow enzyme 
by Warburg. Enzyme No. 2. differs from enzyme No. 1. only with regard to the prosthetic 
group which in the first case is a simple alloxazine nucleotide and in the other case is 
an alloxazine adenine dinucleotide. The latter is actually the prosthetic group of d-alanine 
oxidase (Enzyme No. 4) (Warburg and Christian 1266)). Enzyme No. 2 has not yet 
been found in nature but is a synthetic product obtained by Warburg and Christian 




The positions of the absorption bands of the two enzymes are not only identical but the 
linking of the protein to the prosthetic group will cause the same shift in both eases. 

Enzymes No. 2. and 3. have the same prosthetic group, viz. alloxazine adenine 
diiiucleotide, but different protein entities. Enzyme No. 3. has actually been isolated 
from brewers yeast (Strain K of Sohulthbiss-patzenhofbr Brewery, Berlin) by 
Haas 432). It differs from the synthetic enzyme No. 2 by the fact that it reacts only 
very slowly wdth molecular oxygen but rapidly with methylene blue. In other words, 
Enzyme No. 3 is only slightly autoxidizable. Like Enzymes No. 1 and % Enzyme No. 3 
is able to react specifically with dihydropyridine (reduced pyridine phospho- 
nucleotides). 

Enzymes No. 3 and 4 too, differ only with respect to the bearer protein. While 
Enzyme No. 8 reacts only with dihydropyridine, Enzyme No. 4 reacts only with amino 
acids. The constitution of Enzyme No. 5. does not yet appear to be established with 
complete certainty (see Ball 69)). According to Straub et aL (p. 227) the diaphorase, 
too, is an alloxazine proteid (See also Straub, Nature 143, 76 (1939)). 

b) Co-Carboxylase and Carboxylase. 

The relationship between cocarboxylase and carboxylase is comparable to that 
between lactoflavin phosphoric acid and the yellow enzyme: The combination of the 
eoenzyme with a specific bearer protein represents the complete carboxylase system. 
And, just as in the case of the yellow^ enzyme, the coenzyme or prosthetic group is the 
phosphoric acid ester of an essential food factor, in this instance of vitamin Bj. Moreover, 
it appears that when this vitamin phosphate is combined ■with other specific proteins 
enzyme systems of somewhat different character are formed. 

Chemistry of Vitamin 

Isolation: After extensive preliminary work by Funk, Seidell and Williams, 
Jansen and Donath 602), in 1926 ,were able to isolate from rice polishings a crystalline 
vitamin preparation of high biological activity. The compound analyzed as 
Subsequently, Windaus et al. 1341) isolated a crystalline vitamin preparation from auto- 
lyzed press yeast. They obtained at best 250 mg. vitamin from 100 kg. yeast, repre- 
senting a yield of 10 per cent. Although their material appeared to be essentially 
identical wit h that of Jansen and Donate,. they found it to contain sulfur; and the for- 

*) Recent reviews: R. Grbwe 424); C. R. Addinall 5); R. R. Williams 
Oppbnhbimer’s StJPFLBMENT'L p. 1419—1424. 
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mula best fitting their analyses was CigH^NaOS. In 1934, Williams and his associates 

( 1332 )) were able to raise the yield of vitamin from yeast to 20 per cent of the total 
(500 mg. per 100 kg. yeast). Eice polishings yielded 25 per cent of their vitamin content 
(5 mg. per ton). The highest yield so far obtained is that secured by Kinnbrsley, O’Bbibn 
and Peters 563a) by a modification of their original method: 100 kg. yeast gave 600 mg. 
of the vitamin. 

The principal steps in the method worked out by Williams and put in large scale 
operation by Merck consist in adsorption of the vitamin form the crude extracts by 
Fullers earth, elution with quinine, removal of adventitious matter by benssoylation in 
soda-alkaline solution and chloroform extraction, precipitation of the vitamin by silver 
nitrate, barium hydroxide, and phosphotungstic acid. Finally the vitamin chloride hy- 
drochloride is obtained in pure form by recrystallization from HOl-alcohoL In this 
manner beautiful, colorless monocline needles with oblique ends and mostly arranged in 
rosettes are obtained, having a melting point of 255"^ (corrected) with decomposition. 
The empirical formula of the hydrochloride is CigHigON^SClg. Both chlorine atoms are 
bound in ionogen form. Various names have been proposed for the vitamin, such as 
‘^aneurin” by Jansen, ‘^‘catatorulin” by Peters, and “thiamin” by Williams. None of 
these terms has as yet achieved general recognition. 

Properties: In agreement with its salt character, vitamin B| is readily soluble in 
water, appreciably soluble in methanol, little soluble in ethanol or acetone, insoluble in 
ether or benzene. The isoelectric point is at about ph 9.2. It is optically inactive. The 
aqueous solution is most stable at ph 6.5. While the vitamin is rather heat-stable in acid 
solution, it is readily destroyed in alkaline solution (ph 9) when heated to lOCf . The free 
vitamin base may be obtained in amorphous form by treatment with silver oxide. By 
concentrated HCl it is converted into a compound of the formula (CigHj^gNgSOCl)^^ 
which indicates the presence of an aliphatic hydroxyl in the vitamin. In interacts slowly 
with nitrous acid with the formation of nitrogen. Alkali at higher temperatures liberates 
HgS without changing the nitrogen content. The reaction which has been most important 
for the elucidation of the structure of the substance is the scission by sulfite at ph 5 
and at room temperature according to the equation. 

Cj^HigON^SClg + HaSOg CgHgONS + CgH^OsNsS + 2 HCi 
which was established by Williams (Le. 1832), following his observation that vitamin 
extracts from rice polishings are readily inactivated by sulfurous acid. The vitamin is 
not attacked by benzoyl chloride in soda alkaline solution nor by ozone or tetranitro- 
methane. The inertia towards the last two reagents indicates the absence of ordinary 
double bonds. 

Chemical Constitution: Upon oxidation of vitamin B^ nitric acid two crys- 
talline decomposition products are obtained (W^indaus et al. 1341)), an ethyl ester, 
C7 H;^j 05N3, and an acid, C5H5O2NS. Like the intact vitamin the latter substance liberates 
1 mol HgS when heated in alkaline solution. This finding seemed to indicate the presence 
of a sulfhydryl group in the vitamin molecule. However, Williams 1333) was able to 
show that not only thiols but also compounds containing sulfur in heterocyclic linkage 
majj' give rise to H^S under these conditions. He identified the acid CgHgO^NS as 4- 
:methylthiazole-5-earbo^^^^ acid: ■ ' . . ■ 

N— — G-CHg 
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The same acid is obtamed by oxidation with nitric acid of the basic split product, 
OgHjONS, arising in the sulfite scission of the vitamin (see equation above). This base 
must therefore represent a thiazole derivative carrying a methyl group at carbon atom 
4 and an hydroxyethyl residue, CgHjO, at carbon atom 5. Since the vitamin is optically 
inactive, the hydroxyl group is probably in ^-position. The formula of the base, 

N C— CHg 

HC C— CHa-GH^OH 11. 

was subsequently confirmed by synthesis (Clarke and Gubin 173)). The mild conditions 
under which this 4-methyl-5-hydroxyethyl-thiazole is formed from the Yitamin leave 
little room for doubt that the vitamin contains a thiazole ring system. It could be shown 
that the free OH-group of this base does not arise in the course of the sulfite scission but 
that it exists already in the intact vitamin. 

The next step was to ascertain the manner in which this thiazole system is linked 
up with the remainder of the vitamin molecule. Inasmuch as the OH-group has to be 
ruled out as this point of attachment, the heterocyclic N-atom of the thiazole base 
would appear to be the most likely participant in this link. It is obvious that the attach- 
ment of a residue E to the tertiary N-atom of the thiazole base II will yield a quaternary 
ammonium salt (III) in accordance with the scheme: 

GH3 CH3 

■ ■ I T i 

.C====-0~CH2‘CH^OH \ 

E— X + I E— 

\h S \h— S 

11 III 

where X is an electronegative residue, e.g. halogen. 

Among the evidence favoring a configuration of the vitamin of the kind shown in 
formula III the fonowing facts may be mentioned: In quaternary ammonium salts of 
the type III the components would be expected to form a reversible equilibrium system. 
Both the instability of the vitamin in aqueous solution as demonstrated by the changes 
in the absorption spectrum (see below) and the ease of the sulfite cleavage of Wiw.iams 
suggest such a thiazolonium salt structure for the vitamin. The iodomethylate of com- 
pound II (X = I, E = CBg), prepared by Clabke and Gubin 172), proved to be a good 
model for the vitamin with regard to its behaviour towards bromine and also NaOH, 
thereby further strengthening the formulation of the vitamin as a thiazolonium com- 
pound. The stability of the model towards sulfite is no hindrance because in contrast 
to the vitamin the equilibrium between the components of the quartemary ammonium 
salt, indicated in the last equation, leads to soluble cleavage products. The sulfite cleavage 
of the vitamin goes nearly to completion only because one of the products is constantly 
removed from the reaction system owing to its insolubility (compound CgHflOgNaS in 
equation p. 199). The thiazolonium hypothesis received further support from the form 
of the electrometric acid-base titration curve of the vitamin (Williams and Bubble 
1334a)): 2 molecules of alkali are used by one vitamin molecule besides the 1 mole base 
required for neutralization of the HCl present in the hydrochloride. After the titration 
(end-point, ph 9), the vitamin may be regenerated by the addition of acid. The titration 
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process may be satisfactority interpreted as the primary formation of a carbiiiol base 
followed by the reversible opening of the thiazole ring with the formation of the sodium 
salt of a formyl coinponnd 

If it be accepted that the vitamin is indeed a tMa^oloniiim salt, there remains the 
question as to the nature of the second part of the molecule combined with the thiasiole 
half through the N-atom. It has been mentioned above that the nitric acid breakdown' 
of the vitamin yielded an ethylester besides the methylthiazole' carboxylic 

acid; and that the sulfite cleavage yielded an insoluble acid, OgH^OsNgS, aside from the 
substituted thiazole base. The spectrographic comparison of the former with imidazole and 
pyrimidine derivatives clearly indicated the presence of a pyrimidine ring in the ethyl 
ester. The same is true for the acid of Williams, which is a sulfonic acid of the empirical 
formula, C^HgNg — SO 3 H. The stability of this substance defeated attempts to elucidate 
its precise structure by further breakdown. New hopes were roused when Windaus, 
et al. 1341) were able, by careful permanganate oxidation, to isolate a base, as 

a reaction product the character of which pointed to its origin from the still unknown 
pyrimidine portion of the vitamin molecule. While originally the constitution of a diamino- 
dimethyl-pyrimidiiie (IV) was attributed to this base, later work and particularly the 
discovery of thiochrome (see below) have led to a revision of this formula in the manner 
indicated in formula V: 

CBL,' 


/^\ 

N G— NH, 


0 C— NHs 
IV. 




/®\ 

N 0~0EL— NH, 

I li 

C C— NHg 

V. 


The compound V. has been synthesized by several workers (Andebsag and Wbstphal 
23); Grewb 422); Todd and Bbrgbl 1179)). It proved to be the key for the final eluci- 
dation of the structure of the vitamin. The NH^-group in the side chain of the diamine is 
derived from the thiazole ring, whOe the CHg-group is the bridging link between the 
two parts of the molecule. This leads to the structural formula VI for the vitamin: 


.CH 


01 


\ 


N C— CH^— n/ 


OH3 

0 = 


^OH- 


OH^— CH^OH 

I 

=C 

I 

-s 


VI. 


0 0 

H 30 /^N/\NH 2 •HCi 

The first to postulate a methylene bridge between the thiazole and the pyrimidine por- 
tion of the molecule on theoretical grounds were Making and Imai 748, 500). Shortly 
afterwards Williams 1331), too, arrived at the correct formulation of the vitamin. 
Synthesis: The synthesis of vitamin has afforded ultimate proof for the correct- 

•») For a fuller discussion of the titration curve the paper by Wilwams and Buehlb iSS4a) 
and the review by Grewb 424) should be consulted. 
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ness of the structural formula. It was accomplished independently by Andbrsag and 
WestphalSS), Wtt.t.tams 1334) and Todd and Bbbgel 1179). The synthesis of Williams 
(cf. Oline, Williams and Pinkelstein 173) consists in the condensation of 2-methyl-5- 
bromomethyi'6-aminopyrimidine hydrobromide with 4-methyI-5-^-hydroxyethyl-thia- 
zole by heating in butanol and subsequent exchange of the bromine for chlorine with 
AgCl. The individual steps are shown in the following flow chart. 


+ HCOOEt 

y 

Ethyl formate 
EtOCOCOsCHaOEt 
Ethyl ;S-ethoxy 
propionate 


EtOCOOHCH^OEt 

Bthylformyl 
^-ethoxy propionate 


POCLs 

y 

N=C— OH 
OHgi O—CHaOEt 

Uh 


N=C— 01 

CHgC OHjOEt 


+ NHs— C(CH3)-=NH 

y 

Acetamidine 

N=C— OH 

OHsG G-OHaOBl 

I il 

N~GH 

2-metliyI-5-ethoxjiiiethyI- 

6-liydroxypyrimidme 

A1o-NHj5 

— - — y 

1 i 

GH,C C— OH,OEfc 


N—OH 


N— GH 

2-methyl-5-ethoxymethyI- 2-methyl-§-ethoxymethyl- 2-methyl-5-ethoxymethyl- 
6-hydroxypyrimidine 6-chloropyrimidine 6-aminopyrimidine 


HBr 

y 


N=C— NH, 

1 I 

GH,C 0— CHpOEt 


-CH 

2-methyl-5-ethoxy- 

methyl-6-amino- 

pyrimidine 


N=Ct— NH,Br 

I I 

OHsC C— CHgBr 

Uh 

2-methyl-5-bromo- 
methyl-6-ammopyrimi- 
dine hydrobromide 


+ 4-Methyl-5-/l- 

y 

hydroxy-ethylthiazote 


CH., 


N=G— NHjHBr C 

i I 

OHgC C—CH,— N 

II II 1\ i 1 

N— CH Br GH— S OH 

Vitamin bromide hydrobromide 


=C -CHg 

I W 


Alc-AgCl 

y 


CH, 


CH, 


N=G~NHaHBr 0 
GHgi [)— CHg — N 


C— CHg 


=C— CH, 


( 


OHg 


N--CH Br] OH— S OH ] 
Vitamm B^ bromide hydrobromide 


CHgG G— cm — N 

1! IK I \ . . 

N— CH Cl CH— S OH 

Vitamin Bj chloride hydrochloride 

Synthesis of Vitamin Bj by Williams. 
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The procedure developed by Andeesag and Westphab S3) is based on the conden- 
sation of 2-inethyl-4-amino-5-bromomethyl-pyrimidine dihydrobromide with 4-methyl- 
o-hydrosyethyl-thiazole by heating for 30 mins, at 120—130° and converting the resul- 
ting vitamin B^, hydrobromide to the corresponding hydrochloride through the picrate by 
treatment with HCl and recrystallization from dilute alcohol. The third method which was 
found independently by Andeesag and Wbstphad and by Todd and Bergbl 1179) 
depends on the condensation of 4-amino-5-thioformamido-methyl-2-methylpyrimidine 
with a-chloro-/i-hydroxypropyl ketone or one of its derivatives. The synthesis of vitamin 
Bj has made possible its industrial preparation in large amounts. 

Oxidation of Vitamin Bj: Thioehrome: InlOSo, Kuhn. Wagner- Jaurkgg, 
VAN Klavbrbn and Vbttee 677) isolated a yellow pigment from yeast which was 
distinguished by a strong blue fluorescence in neutral or alkaline solution. The empirical 
formula, Ci 2 Hi 40 N 4 S, suggested a close relationship to vitamin Bj. They found thio- 
chrome to be reversibly reducible and reoxidizable. Shortly afterwards, Bargee, Bebgel 
and Todd 69) were able to prepare thioehrome by oxidizing vitamin B^ in alkaline 
solution with potassium ferricyanide. A number of other oxidizing agents, e.g. HgOa, 
selenium dioxide, permanganate, porphyrindin, and porphyrexide will transform the 
vitamin to a greater or smaller extent into thioehrome (Kuhn and Vbttee 673)); and 
even molecular oxygen will do so provided that alcoholic or alkaline aqueous solutions 
of the vitamin are exposed to the atmosphere for a sufficient length of time (Kinneesrey, 
O’Beien and Peters 664)). The structure of thioehrome, shown in formula IX, was first 
suggested on theoretical grounds by Makino and Imai 748) and later proved by synthesis 
by Todd, Bergel, Peabnkbr-Conrat and Jacob 1180). These workers brought the 
dichloropyrimidine VII into reaction with the aminothiazole derivative VIII which 
in turn had been prepared from the corresponding chloroketone and thiourea: 

CH 

. / \ 

N 0— GHg-Gl 

C I— Cl 

CBL,/' \ N / 

VII. 

ch: oh, 

/ \ / \ 

G I C l•CH2•CH20H 

CHs,/ \ N / \ N / \ S ,, 

IX, Thioehrome. 

Kijhk and Iiis colleagues (677,. 673)) consider it not impossible that the thiociirome 
which they obtained from yeast might have been formed from a precursor, presumably 
vitamin in the course of the preparation. While it is thus possible that thioehrome is 
only an artefact, it has acquired considerable importance as a specific derivative of vita- 
min into which the latter is converted for purposes of assay. This method which has 
been developed mainly by Jansen and his associates Westenbeink and Goubsmit, 
while important for the science of nutrition, is outside the scope of this monograph. 

Beduction of Vitamin Lifmann 721,,726e) reports that vitamin B|_, 
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dissolved in phosphate buffer of ph 7.5, will absorb 0.94 mol H2 P®^" vitamin in the 
presence of platiniini black. Sodinin bisulfite, N’a2S204, too, reduces the vitamin in bicar- 
bonate solution, at ph 7.5 and 25°. The reduction process, resulting in the formation of 
dihydrovitamin (X), is tentatively' formuled as follows: 
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N— OH H2O G-C^H^OH 
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Dihydrovitamin Bj 


Furthermore, a “very distinct green j'ellowish colour is stated to appear when 
vitamin Bj (synthetic, I. G. Pakben Ind.), in a 0 . 5 — 1 per cent solution, is reduced with 
hyposulfite” (Lipmann 723)). The same transient green color was observed by Lipmann 
when the vitamin is reduced with zinc dust in normal hydrochloric acid. Lipmann 
suggests that the colored intermediate may be a half-reduced thiazole (cf. Eelen- 
MBYBE et al. 256)) and thus a semiquinoid radical of the kind studied by Miohaelis. 
The reduction could not be shown to be reversible (726a) *). 

Absorption Spectrum: The absorption spectrum of the vitamin, when measured 
in dilute HCI (0.005 N), exhibits a characteristic maximum at 247 m /r (See Pig. 12). 
Petbbs and Phii<pot 925 )). If, on the other hand, the spectrum of the vitamin hydro- 
chloride is measured in water as the solvent two maxima are found which may be se- 
parated as much as 50 m (j., the definition and separation being somewhat dependent 
upon the preceding treatment of the vitamin sample and the technique employed in the 


Mr. J. W, Hofbr, in this laboratory, failed to obtain evidence for the reversibility of the 
reduction of vitamm Bj by hyposulfite by reductive potentiometric titration. Mr, J. L. MELNiOKwas 
able to confirm Lipmann’s observation concerning the reduction of vitamin by activated hydrogen 
as carried out in Wabburg-Barcboft manometers. The reduction by hyposulfite fell somewhat 
short of the extent reported by Lipmann (2,76 mols. of acid are stated to be produced in bicarbonate 
solution, 2 mols. of which are ascribed to the oxidation of the hyposulfite by the vitamin while the 
additional acid is supposed to be derived from the reduction process itself). Color tests for vitamin 
and the behaviour towards ferrioyanide in alkaline solution (tliiochrome reaction) after the reduc- 
tion indicated the complete absence of imohanged vitamin Bj, If, therefore, the dihydrovitamin should 
be capable of reversible reoxidation molecular oxygen seems to be an unsuitable oxidant. Experiments 
OB Bi-avitaminotic pigeons indicate that the reduction product obtained from vitamin by hy- 
posulfite has no antineuritic potency in amounts as high as 200y (effective dose of vitamin 1 0 7 ) . The 

green-yellow ''intermediate*' described by Lipmann was not detectable when synthetic vitamin Bj^ 
from various sources was reduced with hyposulfite in neutral solution. Only when the bicarbonate 
concentration was insufficient to prevent acidification by the HCI contained in the vitamin and the 
acid formed during the reduction, such a color could be observed (near ph 8 ). However, hyposulfite 
alone will give rise to a green-yellow tint at such hydrogen ion concentrations. 

In contrast to the free vitamin, synthetic coearboxyiase (vitamin pyrophosphate) was found 
to be highly active after reduction, both in polyneuritic pigeons and in the yeast test system for 
coearboxyiase activity. Like the dihydrovitamin, dihydrocoearboxylase is not autoxidi 25 able. Alkaline 
ferricyanide converts it into thiochrome pyrophosphate. K, G. Btkek. 
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measurement (Smakuba 1058)). Winteesteinbr, Williams and Euehle 134^1 foaad 
two bands j at 235 m p, and at 267 m ft, both in alcoholic and aqueous sointion *). Accor- 
ding to Heyeoth and Loofboueow 483) this change of the absorption cnrYe with ph 
suggests that in aqueous solution the vitamin dissociates in smaller units and that it 
also suffers partial deamination. The. fact that 
simple aminopyrimidmes behave- in a similar 
manner seems to militate against the above inter- 
pretation. 

€o-Carboxy!ase: 


The zymase or ''holozymase’' complex of yeast 
contains thermolabile, colloidal components as 
well as thermostable, low-molecular constituents. 

The first thermostable activator or coenzyme of 
this system to be discovered was the eozymase of 
Harden and Youno (in 1904). There followed the 
recognition of magnesium in inorganic form as an 
indispensable constituent (Lohmann, 1931). One 
of the component enzymes of the zymase complex 

is carboxylase which was discovered in 1911 hy pjg, jg. Absorption Spectrum of Vita- 
Neuberg 884) and which is able to convert pyru- min (from Grewe 424)). 

vie acid into acetaldehyde and a-keto carboxylic 

acids in general into the corresponding lower aldehydes by decarboxylation. This reac- 
tion is not affected by the presence or absence of oxygen. Whereas in the earlier stages of 
the work on carboxylase it was held that carboxylase did not require a eoenzyme for its 
action, Auhagbn, in 1932, demonstrated (44, 45, 47, 46)) that a coenzyme, called cocar- 
boxylase, is necessary for the function of the enzyme. He showed that washing of dried 
yeast with weakly alkaline phosphate will remove a thermostable activator of carboxy- 
lase. His coenzyme preparation consisted undoubtedly mainly of adventitious material 
and of only a few per cent of cocarboxylase. 

Auhagen’s work was continued and brought to a successful conclusion by Lohmann 
and Schuster 737, 738) in Meyerhof’s laboratory. The isolation of the cocarboxy- 
lase was accomplished as follows: 

Boiled yeast juice, obtained from brewer’s yeast (Lowenbrau, Munich, strain ES) 
is purified by treatment with alcohol The crude cocarboxylase is precipitated from the 
alcohol-water solution by Ba-acetate in alkaline solution. The coenzyme is eluted from 
the precipitate by HNOg — HgSO^ and the eluate is brought to weakly acid reaction by 
NaOH. Large amounts of organic impurities and inorganic phosphates are removed by 
precipitation with ethanol and reprecipitation with methanol. The purified coenzyme is 
absorbed on frankonite KL or clarit and eluted with hot dilute pyridine. After acidifying 
with HNOg a further fractionation is performed by precipitation with methanol-ether. 
Impurities are now removed in the form of their picrolonates. Following this, adenine 

*) According to measurements by Mr. I. L. Melnick the position of the two maxima at ph 7.4 is at 
235 and 265 m p,. The reduced form of the vitamin, as obtained by treatment with platinum-activated 
hydrogen, shows two maxima, at 237 and 280 m ft at the same ph. The spectrum of eoearboxylase 
changes in a similar manner upon reduction. 
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nucleotides are precipitated by Ba (OH) 2 , and an intensively greenish white fluorescing 
substance is removed as the Ag-salt. Subsequently, the eocarboxylase is precipitated 
as the Ag-salt after adding NHg to ph 7. The neutral silver salt is decomposed by HgS 
and the eocarboxylase is precipitated by phosphotungstic acid from dilute HCI. Upon 
treatment with acetone the phosphotungstate is split into acetone-soluble phosphotung- 
stic acid and the free coenzyme which is partly precipitated in crystalline form. The 
precipitate is dissolved in dilute HGl and further purified by precipitation with acetone. 
The crude crystals are again dissolved in HCI, precipitated with acetone, and twice 
recrystaUized from dilute HCI with alcohol. 

Crystalline eocarboxylase forms needles with a melting point of 242 — 244°. It is 
readily soluble in cold water. At neutral and acid reaction the aqueous solution is color- 
less while at alkaline reaction it is yellow. Upon acidifying the color disappears and the 
biological activity remains unaffected. From 100 kg. yeast 700 to 800 mg. crystalline 
eocarboxylase hydrochloride are abtainable, i.e. about 15 per cent of the amount present 
in the original boiled yeast juice. 

Elementary analysis yields the following values: 

C, 30.85%; H, 4.53%; N, 11.72%; P, 18.00%; S, 6.78%; Cl, 7.41%. 

This analysis fits best the empirical formula 0i2H2jO4N4P2SCl. Further chemical study 
has shown that the eocarboxylase represents the pyrophosphoric acid ester of 
vitamin Bj. The formula, as developed by Lohmann and Schustee, is: 

N=CH 01 


HsO— C 0— OHa— N 

-J— NH„ 


-C— CH, 


OH OH 


N- 


C\ „ /C— CH,— CHa— 0— P— 0— P— OH 

' s “ II II 
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0 



X X €oearboxylase, 

0-— O Monophosphoverbinduog. 

Fig. 13. Absorption Spectra of Gocarboxylase and Vitamin 
Bj monophosphate (Lohmann and Schustee (738)). 


Upon sulfite cleavage a diphos- 
phorylated thiazole and a phos- 
phorous-free pyrimidine are ob- 
tained. Titration curves and the 
result of alkaline hydrolysis sup- 
port the formulation of the co- 
enzyme as an asymmetrical py- 
rophosphoric acid ester. Upon 
suitable acid hydrolysis the cor- 
responding monophosphoric acid 
ester is obtained. In aqueous 
solution, one OH-group of the 
phosphoric acid radical forms a 
salt linkage with the primary 
amino group of the pyrimidine. 
The absorption spectrum of the 
pyrophosphoric acid ester (eocar- 
boxylase) and of the monophos- 
phoric acid ester is shown in 
Fig. 18. 


Synthesis of Cocarboxyiase: Cocarboxylase lias been synthesized in¥itrc> 
from synthetic vitamin and POOI 3 (Steen and Hofbb 1093)). The amonnt of con- 
version in these experiments was rather small but, quite distinct as shown by activity 
determinations in a test system containing washed dry yeast and pyruvic acid (see below). 
Higher yields may he, procured by the use of pyrophosphoryl chloride- (Lohmanh 
or of sodium pyrophosphate and orthophosphoric acid (Tauber 1143)). A procedure has 
been described whereby crystalline and allegedly pure coenzyme preparations may be 
obtained by the last mentioned method (Weijlarb and Tauber 1386a)). In several 
laboratories it has also been possible to convert vitamin Bj enzymatically, at least in part, 
into cocarboxylase (Euler and Vbstin 330); Taubee.1143, 1141); Lohmann and 
Schuster 738); Kinnersley and Peters 566)). In computing the extent of conver- 
sion the recent report of Ochoa 893) from Peters’ laboratory should be taken into 
consideration: while vitamin B^^ alone is inactive as cocarboxyiase, it augments the acti- 
vity of the coenzyme in mixtures of the two substances. 

Biological Activity of Cocarboxyiase: Both the natural coenzyme and 
synthetic preparations will enable yeast, inactivated by washing vdth alkaline phosphate 
buffer, to decarboxylate pyruvic acid. The crashed yeast contains a specific bearer 
protein which is supplemented by the coenzyme to form the active “^holo-enzyme” or 
symplex. Furthermore, alkaline washed yeast regains the power to ferment sugar after 
adding the following substances: hexosediphosphate, magnesium, adenylpyrophosphate, 
cozymase and cocarboxyiase (Auhaobn 46); Lohmann and Schuster 738)). The latter 
authors, furthermore, find that cocarboxyiase as well as the monophosphate has high 
vitamin B^-activity when tested in pigeons; and that cocarboxyiase may replace vitamin 
in Peters’ catatorulin test (pyruvate oxidation by brain tissue of avitaminotic 
pigeons). The possibility that vitamin Bj pyrophosphate may be the coenzyme of other 
enzymes besides carboxylase is strongly indicated by the finding of Lipmann 723, 736) 
that the respiration of alkaline washed B. Delbruekii with pyruvate as the substrate 
is increased by cocarboxyiase and still more by cocarboxyiase plus riboflavin phosphate. 
The reaction products are acetic acid and COg, vitamin has no effect. Inasmuch as no 
anaerobic decarboxylation takes place in this system, Lipmann concludes that the vita- 
min Bj pyrophosphate here plays the role of the coenzyme of pyruvic acid dehydro- 
genase rather than carboxylase. This is important, because the power of mammalian 
tissues to decarboxylate pyruvic acid anaerobically appears to be much smaller than their 
capacity to oxidize pyruvic acid aerobically. More specifically, the removal of pyruvic 
acid by brain tissue of avitaminotic pigeons after addition of vitamin Bj (catatorulin test 
of Peters) has been shown to be a reaction occurring under uptake of oxygen which would 
not be the case with a purely carboxylatie mechanism *) **). While in yeast the vitamin Bj 
pyrophosphate undoubtedly fulfills its main function as the coenzyme of carboxylase, 
in animal cells it may rather function as the coenzyme of pyruvic dehydrogenase. 
Further work in this field will be required, particularly with reference to the specific 
hearer proteins with which the coenzyme combines to form active enzyme systems. How- 
ever, there is little room for doubt that vitamin B^ is intimately connected with car- 
bohydrate metabolism in general and with the breakdown or transformation of pyruvic 
acid in particular. 


*) Private conununication. 

**) See the recent review by R. A. Peters 322) and the paper by P. Lipmann 725). 
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Carboxylase: 

: This eniayme, consisting of- a specific protein and cocarboxyiase, has as yet not been 
obtained ' in pure or nearly pure state. For the purpose of testing' the activity of the 
■ cbenzyme it is sufficient to remove the natural coenzyme from dried yeast by^ treatment 
with alkaline phosphate; the remaining bearer protein is capable of recombining with 
the coenzyme within a ph -range of about 6 to 7. Although it is possible to obtain the 
entire enzyme complex in homogeneous solution by macerating dried yeast with water 
or phosphate buffer of ph 6 at 30° for 1 to 3 hours (Lbbbbbw juice), most workers have 
reported a rapid inactivation of the dissolved enzyme. This fact above all seems to have 
hindered the progress of our knowledge of the protein component. 

Lanobnbbck and his associates have attempted a purification of the enzyme. 
Bottom yeast (Germania Brewery, Munster, and Hacker bran, Munich) was worked 
up at low temperature. The solutions were prevented from freezing by the addition of 
0.5 vol. methanol. This permitted working at —20°. Adventitious proteins were preci- 
pitated by tannin and the excess tannin was in turn removed by adsorption on hide 
powder. Following this, the enzyme was adsorbed on alumina gel B according to Will- 
STATTEB and Kraut and eluted with primary phosphate. Langenbeck, Juttbmann, 
Schaefer and Wredb 703) state that a 1000 fold purification of carboxylase could be 
achieved in this manner, and they believe their purest preparations to be protein-free. 
The work was continued by LANGBisneECK, Wrbdb and Schlockbrmann 704) who 
perfected the low-temperature purification process with the use of methanol- water 
mixtures further. The earlier observation that tannic acid will remove impurities without 
precipitating the enzyme could not be reproduced with later samples of dried yeast. It 
was possible to purify the enzyme somewhat by dialyzing out impurities through cello- 
phane at low temperature ( — 17 to — 20°) in water-methanol mixtures *^’^). 

SoHOENEBBCK 1032a) has also tried to purify the enzyme. He was able to stabilize 
it by the addition of glycerol. Axmacher 48a) effected a purification of carboxylase 
by fractional acetone precipitation. 

c) Ascorbic Acid. 

Ascorbic acid (Vitamin C) was isolated independently by Szent-Gyoegyi 1117) 
from the adrenal cortex, from orange juice and cabbage and by King from orange 
juice. The substance was first designated as hexuronic acid (1112)) and later renamed 
Z-ascorbic acid (1121)). Its empirical formula is C^HgOg. From a simple hexose this coni- 


*) For historical references on carboxylase see 0. 03?penheimeh 302, p. 1556. 

Experiments by Mr. J. L. Melnick, in progress in this laboratory, show that carboxylase pre- 
parations obtained from another strain of bottom yeast (Feohberg strain, Hull Brewery, New 
Haven) are not as labile as those studied by Langenbeck. It is quite possible to handle the prepara- 
tions at room temperature (better at 0®). While it has been possible to adsorb the enzyme on various 
types of aluminium hydroxide gels (B, Cy) the elution, even after adding glycerol, is effected only 
with appreciable losses. In a maceration juice, clarified by alumina gel (Eimee & Amenb), spinning 
in an air-driven quantity ultracentrifuge for 60 mins, at 512 r.p.s. (65,000 g at bottom of tubes, angle 
of inclination 25°) produced an apjpreciable concentration gradient with respect to enzymatic activity; 
the bottom layer being almost twice as active as the top layer, while the middle third layer had an 
activity approaching that of the original solution. By adding CO-hemoglobiii to yeast juice and by 
comparing the relative distribution of this pigment and of the enzyme activity after ultracentrifuga- 
tion the molecular weight of carboxylase was found to be about 140,000. 


K. G. Botrk. 
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poimd is distinguislied by a system of conjugated double bonds. Its eonstitiition, illustra- 
ted by the following formula, has been elucidated by the efforts of Haworth and 

Hirst et al (470)), MiCHEsn et al. 829, 830, 831), 
Ohle 897), Karrbr et al. 517) and Eeiohstein 969). 
The final proof for the structure of the vitamin was 
furnished by its synthesis by' Ebichstbin 969) and l)y 
Hirst. 


Strictly speaking, ascorbic acid is not an acid but a lactone with strongly acidic 
properties. The first dissociation constant, p{<;ai, is 4.17, the second, pi^aa/ ^^quals 11.57. 
A third dissociation constant is larger than 14 and corresponds to the dissociation of the 
alcoholic OH-gronps (121)). Eanoanathan et al. 966) find that ascorbic acid, upon elec- 
trophoresis, migrates to the anode in the entire ph-range from 1.0 to 13.0, and they 
conclude that this points to the presence of a free carboxyl group in the vitamin. The 
melting point is given as 190 — 191° (896)) and 188° (475)). Ascorbic acid is very soluble in 
water. The aqueous solution shows an optical rotation of [a] . = + 24° (896)). 

I- Ascorbic acid crystallizes in well-formed monocline sphenoidal crystals (Cox 186)). 
The absorption curve shows only one maximum in the short-wave ultraviolet region, 
at 265 m jtt, which is not affected by irradiation (Bowden and Snow 140)). The fact 
that the peak of the absorption band is shifted towards the long-wave region as compared 
with that of simple hexoses, is correlated by Eudy 1010) with the existence of conjuga- 
ted double bonds in the vitamin. Upon oxidation the intensity of the bands decreases 
rapidly, a phenomenon more pronounced in neutral solutions than in acid solutions where 
the vitamin is more stable. By the addition of KON the stability is considerably increased 
together with the molecular extinction (Eudy 1010)). For further details concerning the 
properties, the determination, occurrence and elucidation of the structure of i-ascorbic 
acid and its homologues the reader is referred to the review articles by Ohle 896), Mi- 
CHBBL 828) and Willstabdt 1335). 

d-Aseorbic acid and its homologues are of little physiological interest (cf. Ohle 896)). 

The reversibility of ascorbic acid as an oxidation-reduction system lias already been 
discussed on p. 94. The first oxidation product of ascorbic acid is dehjdroascorbic acid; 
and it is generally agreed that it may reversibly be reduced to the fully active vitamin. 
At higher ph dehydroascorbic acid, in turn, shows reducing properties of even stronger 
character than ascorbic acid. Oxidation in this instance leads to 2,3-diketo-l-guIanic 
acid. The latter forms a reversible system with dehydroascorbic as the reduced form 
only at ph 5.5. to 6.5. At ph 6.5. where both reduced forms are stable, the redox potential, 
according to Borsook et al. 136), of the ascorbic acid ±>: dehydroascorbic acid system 
is Ejj' -|- 0.112 V. and of the dehydroascorbic acidl:>diketogulonic acid system it is-f 0.015 
V. (at 35°). In accordance with the high sensitivity of ascorbic acid against heavy metals 
it is to be expected that the potential, especially at high ph- values, will be somewhat affec- 
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ted by the electrode material (Fbxjton S^O)). For this reason Fbdton chose the indicator 
method. He as well as Wdbmseb and Maybe 1364) and Ball 58a) af&med anew the 
reversibility of the system ascorbic acid dehydroascorbic acid. According to Wuemseb 
and Loxjeeieo 1360), there exist, however, two potential steps as would be postulated 
from the results of Bobsook. Ball 58a) disagrees with Boesook on this point. In acid 
solution, particularly in the absence of traces of heavy metal, ascorbic acid is quite 
stable. At ph > 6.6 ascorbic acid suffers irreversible breakdown leading to a loss of its 
antiscorbutic and catalytic properties. This destruction process is not an oxidation 
(Bobsook 136, 137)), since iterate is unaffected by the presence or absence of air, and 
since it cannot be prevented by the presence of H^S or glutathione. Alkaline solutions 
(ph 8.6 to 9) of ascorbic acid, however, absorb large amounts of oxygen (in the presence of 
heavy metal ions) (Euleb, 266)). The following agents bring about a reversible oxidation 
of ascorbic acid: oxidation by Og in acid solution in presence of ions of heavy metals or 
on charcoal (360)), also within the physiological ph-range, up toph 7.6 (Kellie 564)), by 
iodine and bromine if a large excess is avoided (cf. Bob 994a)) and finally the oxidation 
by peroxide activated by peroxidase (Taubee 1140)). The latter process occurs in the 
presence of quinones. The existence of a specific ascor bic oxidase in plant extracts 
has been claimed, but there seems still to be the possibility that this “enzyme” is in fact 
copper in loose combination with unspecific plant proteins.*) Conversely, an enzyme has 
been found in blood which reduces dehydroascorbic acid (994a)). The reaction between 
methylene blue and ascorbic acid has a ph-optimum at 5 — 6 (Euleb 265)). In all cases 
SH-groups either protect ascorbic acid against oxidation or they reduce the dehydro- 
aseorbic acid formed back to ascorbic acid (cf. Taubbb 1140)). Ascorbic acid, obtained in 
this manner by reduction with HgS, is stable for several days under COg at low tempera- 
ture (360)). In general, 1-ascorbic acid exhibits rather strongly reducing properties, e.g. 
towards cupric ions in acid solution or dyestuffs (303)). Nitrites but not nitrates are re- 
duced (619)). The kinetics of the oxidative catalysis by heavy metal ions has been care- 
fully studied by Babeon et al. 79). The temperature coefficient of the oxidation of as- 
corbic acid by Og as catalyzed by Cu'*''*', Qj„, within the range 27 to 87°, is 1.65. Other 
details concerning the reaction will be found on page 67. 

According toPANTSCHBNEO-JuEEWioz and Keaut 916) and Mostees 835), ascorbic 
acid is probably the agon of esterase, a claim that still remains to be proven. 

Appendix: 

Bedaetones: The reduetones were discovered by Wubmsee 37, 1356, 9^, 1361, 
1360) who described them under the name "glueide X” and later “redoxin”. They were 
subsequently studied by Euleb and his associates and renamed reduetones (302)). 
These substances are related to ascorbic acid both in structure and properties. 

Wuemseb et al. observed that buffered sugar solutions will develop very negative 
potentials when stored under anaerobic conditions (p. 69). Furthermore, Euleb and 
Klussmann 301) found that the reaction of alkali with sugars with a free carbonyl 
group (aldoses and ketoses) at elevated temperatures yields strongly reducing substan- 
ces for which they coined the collective term reduetones. Euleb and Maetius 306) 
were able to isolate the reduetone from glucose, gluco-reductone, in crystalline form. 
It has the empirical formula O3H4O3 and a molecular weight of 88. It shows the same 
elementary composition as pyruvic acid or ascorbic acid. The compound decomposes be- 


*) Details will be found in Oepbishbimer’s "Supplement”, p. 1587. 
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tween 200 and 220° and is distinguished by- its high reducing power, particularly in 
acid solution. Solutions of Ag”^- and Gu'^'^-salts, permanganate or HI^-I are reduced al- 
most instantaneously, while methylene blue, in phosphate buffer of ph 7.2 is rapidly 
reduced to the leuco base. The absorption, spectrum is similar to that of ascorbic acid: 
the peak of the absorption band is found at 268 m/x at -ph 2—4 and at 287 m/x at ph 
5.7 and 10. Upon oxidation the maximum- shifts slightly to 280 m/x (Wukmsee 1366)). 
the solutions react strongly acid and lend themselves to acidimetrie titration (305)). 
Inasmuch as the reductones do not contain free carboxyl groups, Eulbe 306) attri- 
butes their strongly acidic character to their particular enolic configuration. When 
studied manometrically in alkaline solution, the reductones will show an oxygen uptake 
at least equal to that of ascorbic acid (265)). 

The constitution of reductone is that of an enol-tartronic dialdehyde, HO— OH 
C(OII) — OHO (305, 306, 970)). It forms a reversible oxidation-reduction system (1365)). 

While reductones are most readily formed from dihydroxyacetone and from glyceric 
aldehyde, they may also be obtained in yields from 5 to 8 per cent from glucose, maltose, 
fructose, arabinose, mannose, galactose (Euler et al. 303)) and also from xylose (301, 
305)) by heating for 2 mins, to 90° in alkaline solution. Although the reductones show a 
chemical behaviour quite similar to ascorbic acid, they have no antiscorbutic activity 
(303)). Their occurrence in biological material suggests a physiological function of the 
reductones, perhaps in oxido-reductive processes in muscle (Wurmser) or in carbohy- 
drate breakdown in yeast where reductones have been found by Euler and Klussmann 
300). In model systems with methylene blue as acceptor the reductones react as powerful 
donators. The reduction of methylene blue by reductones is accelerated by KON and 
phosphate (264)), while their oxidation by Og in presence of heavy metals is inhibited 
by these agents, as would he expected (764)). 

Analogous substances with a similar absorption spectrum (maxima between 265 
and 290 m/x) are produced by irradiating aqueous solutions of glucose, fructose, ara- 
binose, glycerol, sorbit and glucosamine with ultraviolet light at temperatures below 
20° (Holtz 493)). They are likewise reversible redox systems and show the same behaviour 
towards dyestuffs and physiological donators as the reductones (493, 491, 113)). Accor- 
ding to Euler 264), carboxyl-free dicarbonyl sugars, formed in the course of biological 
carbohydrate breakdown, may also act as reductones. A similar substance, ' reductinic 
acid’’, was obtained by Eeichstein et al. (970)) upon energetic acid treatment of pectin 
and galacturonic acid in beautiful crystals which had the empirical formula CgHgOg, 
melting point 213°, and also strongly reducing properties. The compound probably has 
the structure. 

OH OH 





which is analogous to that of ascorbic acid. Another, similar substance has been isolated 
by Ott et al. 911) from adrenal cortex (beef). It simulates ascorbic acid in its reducing 
and general chemical properties and is stated to show very faint antiscorbutic activity; 
there is an appreciable difference, however, with regard to chemical composition: 
C, 25,86 %; H, 5.97 %; N, 5,2 %; P, 0.55 %, Best 0. 
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3) Nucleotide Coenzymes and Enzymes. 

Introductory remarks: Just as in the case of the hemins, it is proposed to 
discuss in this section several chemically related substances in spite of the fact that, 
when combined with various specific bearer proteins, the enzymes thus formed will 
exhibit sometimes a very different type of specificity. 

The chemical relationships between the agons of certain dehydrogenases and phos- 
phorylases have only recently been uncovered by Waebueg and by v. Bulee and their 
colleagues. The common feature of the enzymes in this group is that they consist of an 
adenine nucleotide as coenzyme in combination with a specific protein. The coenzyme 
may represent an adenine mononucleotide or an adenine dinucleotide, containing nico- 
tinic acid amide or flavin as additional important components: 


TABLE 14. 


Mononucleotide . 

Adenine- (furano) ribosido-.5-tii- 
phosphoric acid 

Cophosphorylase (Meybbhof- 
Lohmann’s 
(Joferment) 

Dinucleotides . . 

Adenine- (furano) ribosiclD-5-di- 
phosphoric acid-(furano) ribo- 
sido-nicotinie acid amide 

Co dehy drogenase I . (Cozy inase) 


Adenine- (furano) ribosido-5-tri- 
phospboric acid-(furano) ribo- 
sido-nicotinic acid amide 

: Codehjdrogeiiase IL (Waebubos' 
Coferinent) 


Adenine-flaYin-dinucleotide 

1 Ooenzyme of d- Alanine oxidase 


Even in the most recent literature, there exists a considerable confusion vith regard 
to nomenclature, almost each school or laboratory using their own terms to the point 
of exclusion of others. In the present text the new nomenclature of Eulek 383, 383) will 
be preferred in general, although other terms will also be given. 

According to Eulee, the total enzyme complex or holodehydrogenase consists 
of the apodehydrogenase (pheron = bearer protein = zwischenferment of War- 
BUBG = dehydrogenase of the English authors in earlier publications) and of a eo dehy- 
drogenase (agon = coenzyme or coferment, in some instances identical with cozymase). 

In the future, the pyridine enzymes may have to be classified as vitazyraes in 
view of the recent discovery that nicotinic acid or its amide or a closely related sub- 
stance represents the anti-pellagra principle of the vitamin B complex (Elvehjbm, 
Smith). According to Eulee and coworkers, cozymase is a water-soluble vitamin factor 
promoting the growth of rats. A discussion of these interesting relationships is outside 
the scope of this monograph. Eor the present, the grouping of the pyridine enzymes 
together with the simple adenine nucleotide enzymes has been retained on account of 
their close chemical relationship. 
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TABLE 15. 

Survey; 

Coenzyme Protein Bearer Enzyme Complex 

Diphosphopyridine nucleotide + Protein A = Alcohol dehydrogenase 
(cozymase, eoferment I) 

i- Protein B = Lactic acid dehydrogenase 

+ Protein C = Glyceric aldehyde phosphoric acid 
dehydrogenase 


Triphosphopyridine nucleotide 

(Coferment II) + Protein D = Hexosemonophosphate (Eobison 

ester) dehydrogenase 


4- Protein E = Glueosedehydrogenase of Harri- 
son (?) 


Adenine-flavin-*) dinueleotide + Protein E = d- Alanine oxidase 

-f- Protein C = Dihydropyridine dehydrogenase 


Flavin nucleotide*) + Protein H = Xanthine oxidase 


Adenosine triphosphorice acid (ade- 
nyl pyrophosphorie acid, co- 

phosphorylase) + Protein I = Phosphorylase 


a) Pyridine Coenzymes. 

Diphosphopyridine Nucleotide**) (Cozymase, Codehydrogenase I): 

As shown in the above schema, this nucleotide is the agon of several hydrogen- 
transferring enzymes. While it is now mainly designated as cohydrogenase I or diphos- 
phopyridine nucleotide, the best-known term for this substance is cozymase, referring 
to its essential role in alcoholic fermentations as a supplement to the zymase complex. It 
was discovered in 1904 by Harden and Young. Other synonymous names are eoferment 
of fermentation (Warburg) and coreducase (Euler) (see 314). The hydrogen transfer 
is brought about by the reversible reduction and reoxidation of the pyridine moiety ot 

the coenzyme. - . u- i j 

The compound has as yet not been synthesized. Natural preparations of a high degree 

of purity have been obtained, e.b. from yeast (Euler) and heart muscle (ochoa 891a)). 

*) These flavin-eontaining coenzymea have already been discussed on p. 

**) Reviews: Harden 450); Myrbaok 849, 866); Euler 260). For a discussion of the function 
of cozymase see also Oppbnkbimbr’s '^Supplement , p. 1404 1410. 
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While Waebueg 1253) prefers red blood cells to yeast as the starting material, Eulbe and 
ScHLENK 317) consider yeast as the best source. The coenzyme isolated from animal 
organs is identical with that present in yeast 863)). Cozymase is a chemical individual, 
independent of the source (cf. 289)) It is a colorless and readily water-soluble 
substance (317)). 

Purificatioii (cf. Bulbe 260)): Both bottom and top yeast may be used as starting 
material, provided that the cozymase content is not too low: The ACo of the fresh yeast 
should not be lower than 150 (see below for explanation of term ACo). 

The washed and pressed yeast is extracted by stirring it into warm water and main- 
taining a temperature of 80° for about 5 mins. This treatment thermomaetivates enzymes 
capable of splitting cozymase but it does not harm the coenzyme. After cooling, the sus- 
pension is filtered or centrifuged. The first step consists in a precipitation of inert pro- 
tein material by lead acetate (Haeden). The supernatant solution is freed from lead by 
HjS and the latter is driven off by a neutral gas. The coenzyme is precipitated by mercuric 
nitrate and the Hg-complex is decomposed by H^S. The next step consists in precipitation 
of cozymase by phosphotungstic acid. After decomposing the precipitate with HgSO*- 
containing amylalcohol-ether, the liberated coenzyme is precipitated by AgNOg -f NH 5 . 
The silver salt is decomposed by HgS and the Cu'^-salt is formed by adding CuCi in 
HCl. The copper salt is decomposed by HgS and the coenzyme is precipitated in 
highly purified form by alcohol. At this stage the ACo-value is about 400,000 and the 
loss of eoenzyme from the beginning amounts to 75 %. Still further purification may be 
accomplished by fractional precipitation with alcohol, adsorption on activated AI^Oj 
and elution, precipitation from HOl-methanol solution by ethyl acetate or treatment 
with .barium hydroxide plus lead acetate. The last steps serve for the removal of small 
amounts of codehydrogenase II and oophosphorylase. The adsorption method inereases 
the activity maximally to ACo = 600,000 which represents the most active cozymase 
preparation yet obtained. 

The purity of cozymase is still preferably determined with the aid of the classical 
method of activation of fermentation (846)) in the presence of an excess of normal apo- 
zymase, the COg liberation at 80° being proportional to the eoenzyme concentration. In 
view of the fact that the result is somewhat affected by the properties of the particular 
apozymase used (310)), Myebaok 867) prefers to ascertain the degree of purity of cozy- 
mase by chemical methods, eg. by the hypoiodite consumption. The cozymase unit (Co), 
as defined by Eulbe and Myebaok, is that amount of coenzyme which under specified 
conditions will liberate 1 cc. of COg per hour. The degree of purity is expressed by 

. „ cc •CO»/hour 

A Co = —--r 

g-dty weight 

The purest cozymase preparations of Etjeee and his associates had an A Co value of 
400,000 (282, 283, 259)) and more recently even of eo 650,000. The latter preparation was 
completely free from adenosine phosphoric acids and eodehydrogenase II (triphospho- 
pyridine nucleotide). 

Chemical Constitution: The elucidation of the structure of cozymase has pro- 
gressed through the isolation of the various constituents in the form of smaller or larger 
breakdown products of the coenzyme. Adenine was demonstrated in the molecule by 
EtTLBB and Myebaok 309) who found at first 28 % and later 19 % (cf. 269). MyebIok 
and ObtbnbIiAd 866 ) discovered the presence of two further N-atoms besides those of 
adenine. Waebtjbg and Cheisman 1253, 1250) and about simultaneously Aebees, 


DIPHOSPHOPYBIDINE NUCIiBOTIDB 


215 


SoHLENK and Euler 19, 382, 283, 259) identified cozymase as a dinncleotide with one 
purine (adenine) and one pyridine (nicotinic acid amide) nucleus. Cozymase contains 
8 % P, the ratio between P and mole carbohydrate being 1 : 1 and the number of P- 
atoms in cozymase being 2 (1350, 309, 282, 383, 359)). Contrary to an earlier suggestion 
(Euler 269)) the molecule k free from sulfur. The carbohydrate is a pentose (308)) and, 
more specifically, d-ribose since deamination yields inosmic acid (847)). Upon hydro- 
lysis 2 moles of ribose phosphoric acid are liberated per molecule of cozymase (Sohlbnk 
1016)). According to Euler, Karrer et al. 299) the phosphoric acid is linked to the 
ribose in 6-position in both instances. 

The ultimate proof for the detailed structure of cozymase is still lacking. Euler and 
ScHLBNK 316, 1023) give the empirical formula as C2iH27N7P20i4 and suggest the follo- 
wing structural formula (1032)) as the most probable one: 


NHa 

to 


N= 


0-7 0 0 0— f C= 

J . [eh H 1 I H HH I j 

f >N--0--(^(^C--G--0-P--0-P-0-G--C-C-C--C-N 




H j I HH 
HO OH 

0 


OH 


HH I 1 H 
HO OH 


:CH-N 

D 

:C— C—Na 

i, 


The essential feature of this particular formula is that it is assumed that one phos- 
phoric acid residue forms an inner salt with the basic N-atom of the pyridine ring with 
the aid of an 0-atom. This would explain why cozymase appears to be monobasic. 
Furthermore, this formulation would be m agreement with the assumption of Mtebaok 
866) that cozymase contains a lactone ring. 

Mybback 856) agrees with the formula of Euler and Sohlbek m principle, but he 
prefers to write it slightly differently, with an open lactone ring, 0“ and N+: 


NHe 

'oo 


N= 


0 - 

HH 


T >N--0--(>-C-4>(^0-P--0--P-0-(>-(M)-C--C^^ 
\==--/ TT I I HH I I HH M H 


H 

HO OH 


- 0 - 
H HH 


0 OH HO OH 


:GH-N 


:C— LnH* 

I, 


The same way of writing the formula has now also been adopted by Euler and Schlbhk 
317). On the basis of the observation that acid is liberated upon reveraible hydrogenation 
of eozymase, Warburg and Chbistian 1265) suggested the following structure for the 
pyridine nucleotide moiety of the coenzyme: 

NH* 

OE' 

/ Nn— 0P=0 

E OH 

where E represents the pentose residue and B' another sugar residue. This formulation 
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has at the present only historical interest, particularly since Kabrbb et aL 525), with the 
aid. of model experiments, arrived at the following formulation of the reversible reduction: 


NH, 

0(3 



-0 — 

HO OH 


H 


N-G-C-C-C-C-O-O3H, 

HHHHH 


+ H 3 


NH3 

CO 


+ 0 V 


H 2 

"\ 


__ o — 

HO OH 


H 


N-O-C-C-C-C-O-POgCNag) 

HHHHH 


This formulation takes into account that the reduced form is capable of existence only 
in alkaline solution. 

The existence of a pyrophosphate link in cozymase as shown in the formula of Euleb 
et al. has recently been experimentally proved by the isolation of adenosine diphosphoric 
acid from cozymase after alkali treatment (Eulee, Schlbnk and Vestin 318)). 

Ultimate proof for the structure of the coenzyme will consist in a synthesis of the 
compoimd by an unambiguous method. 

Reversible Hydrogenation; The phenomenon of reversible hydrogenation of 
cozymase is of fundamental importance for the catalytic action of the pyridine enzymes. 
Wabbuhg discovered (1261, 1256)) the reversible oxidation-reduction of the pyridine 
nucleus contained in the coenzyme. Upon hydrogenation the quarternary nitrogen atom 
of tho pyridinum base is reversibly changed into trivalent nitrogen, the N=0 double 
bond being saturated (265)). After preliminary model experiments by Karebb and Wae- 
BUEG 632), Kaeree and his students 826, 628, 620, 630, 531) have carried out extensive 
studies of this reaction in a number of model systems. The most important model sub- 
stance is the nicotinic acid amide iodomethylate, which behaves like eozymase and also 
like codehydrogenase II with regard to %ht absorption, fluorescence, color, etc. (630)). 
Both the oxidized and the orange colored dihydro form were prepared in pare state by 
Karebb to formulate the structure and the reduction of the p 3 nridine part of cozymase 
in the manner indicated above. It is noteworthy that the free nicotinic acid amide with 
tertiary nitrogen is not reduced by Na^ 304 , in contrast to cozymase, the iodomethylate, 
or trigonellin which is the methylbetain of nicotinic acid: 


0 


0- 


-0 


\^==/^\cH. 


The dihydroform of trigonellin, just like that of cozymase, is reoxidized by the yellow 
ferment (Waretjeg 1265)). 

In the course of the reversible reduction of eozymase by NaaS^O* in weakly alkaline 
solution an orange colored substance is formed (630, 1255)) which upon dehydrogenation 
may be changed back into the original eozymase. This orange colored form was observed 
by Warburg and Kabbeb during the reversible reduction of model compounds and sub- 
sequently by Bulbe et al. 11) upon reduction of eozymase with NagS^O* in bicarbonate 
buffer (ph = 7 — 8) and of holozymase (or eozymase + apohydrogenase) by suitable 
donators. According to Euler et al. 11), it is important whether the reduction is carried 
out in weakly or in strongly alkaline solution: in the first ease the orange form is only an 
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iriterxnecliate step in the reduction process, while in the latter it is a stable end- 
product. Perhaps the orange form represents a semiquinoid radical which in acid or neu- 
tral solution yields unchanged cozynoiase. Hellstbom 474), in agreement with this view, 
considers the yellow stage to be monohydro-cozymase. 

The formation of the transient yellow stage could not be observed in the case of the 
model compounds of Kaeeeb 520). His orange and yellow dihydropyridine compounds 
are irreversibly changed upon acidification (526)) as evidenced by the changes in the ab- 
sorption spectrum (see below). Dihydrocozymase, too, will yield only 20 % unchanged 
cozymase upon acidifying the solution after reduction, while 80% is irreversibly destroyed. 
A discussion of the relationship of the various forms, as suggested by Eulee and his 
associates, will be found in Myebuck's article 866). 

Dihydrocozymase may be reoxidized to eozymase by acetaldehyde in the presence 
of its bearer protein ( Warburg), by the yellow enzyme + Og, and by the ‘‘coenzyme 
factor’’ of Dbwan and Green (see below). It is stable towards methylene blue (268)). 
According to Abler, Hbllstrom and Euler 11) dihydrocozymase formed by the action 
of Na 2 S 204 , but not that produced by enzymatic reduction, is stated to be slightly auto- 
xidizable with a ph-optimum at about 6. It may be, however, that the reoxidation in this 
case is brought about by peroxide-like substances formed by the oxidation of Na 2 Sg 04 . 

Cozymase is irreversibly reduced with catalytically activated hydrogen (MyRBacK 
864 )). Under these conditions 6 hydrogen atoms are absorbed per molecule of coenzyme 
(Karbbr and Warburg 632)). 

Green and Dewan 417) have studied the oxidation and reduction of cozymase on 
different bearer proteins and by various reagents by means of a spectrographic method. 
They find that dihydrocozymase is not autoxidizable and that it is dehydrogenated by 
flavin and the yellow enzyme (flavoprotein). They estimate the position of the normal 
potential E'o at ph 7.7 as close to —0.270 V. 

Karrer et al 630) report for the reversible reduction product of nicotinic acid 
amide iodomethylate the extremely negative potential B = —0.450 V. at ph 8.53 and 
20^^. At lower pLvalues decomposition takes place. The attachment of a sugar residue 
diminishes the reducing power of nicotinic acid amide considerably. 

Clark 171) has recently used the data of Euler et al. 272) on the establishment of 
an equilibrium between cozymase and the lactate system for a calculation of the approxi- 
mate placement of the potential curve of the coenzyme on the redox scale. Although 
he admits that the selection of the lactate systems as a reference system is not very favo- 
rable for this purpose, an indication of the validity of the treatment is found in the fact 
that the slope of the E'^/ph-curve is roughly that to be expected of the process Ox*^ -f 
%€ + 2H‘^ ±>Eeductant. The calculation yields a value of — 0.825 V. for the normal 
potential, of cozymase at pli 7.4 and of — 0.361 V. at ph 8,7. The change in potential 
per ph-unit averages to 0.028 V. as compared with 0.029 V. for a two-electron 
system. In analogy to other chromoproteids, the attachment of cozymase to a protein 
bearer will probably render the potential still less negative. The sugar residues themselves 
in cozymase show no reducing action: they are firmly bound and are split off only upon 
energetic acid hydrolysis (Myrback 852)). They can, therefore, affect the potential only 
indirectly, by changing the energy of the whole molecule. The behaviour of various 
cozymase models towards oxidizing agents is described in Kabrbr’s 525, 630, 11) 
papers. According to Hellstbom 474), monohydrocozymase has a potential more 
negative than hydrosulfite. This renders potential measurements in cozymase-hydro- 
sulfite systems very difficult. 
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Absorption Spectrum and Fluorescence; 

Cozymase has a well-defined absorption maximum at 260 m/t (Wabburg and 
Christian 1366); Myebaok and Etjlbb et al. 869, 279)). Hydrogenation causes the 
appearance of an additional broad band at 320 — -860 m fi with a maximum at 340 m 
which disappears again upon dehydrogenation. It does not matter whether the reduction 
and reoxidation is brought about by chemical reagents (NaaS 204 ) when working with 
pure cozymase or by biological donators (carbohydrates) and acceptors (acetaldehyde) 
when working with the entire enzyme system (coenzyme plus specific protein) 
(Wabbueg and Buiee). 

The peak of the “dihydro-band” of the iodomethylate is situated at 360 m jtt and 
that of trigonellin at 850 m/x. In all instances the new absorption band disappears not 
only upon reoxidation but also upon acidification. Under these conditions the iodomethy- 
late, trigoneUin, and codehydrogenase II will exhibit a new band at 295 m p, (Karber 
530); Haas 431)). Arabinosido- anf xylosido-dihydro-nicotinic acid amide, the “dihy- 
drobands” of which are at 340 m/x,show a band at 275 mja in acid asolution (536)). All 
this points to an irreversible change suffered by the dihydroforms upon acidifying 
their solutions (Warburg, Karebb, Euler). Euler et al. 11) failed to observe the 
band at 295 m p; instead they found a small maximum at about 300 m ft. This may 
partly be due to the fact that, according to Haas 431), the band at 295 m ft is observed 
only in the presence of sulfite. The “yellow stage” shows a broad band at about 360 m fi 
11). The “dihydro-band” of cozymase disappears upon dehydrogenation by yellow 
enzyme and by acetaldehyde (in the latter case only in presence of apodehydrogenase) 
(Euler et al. 379)). 

While the pyridine compounds in the oxidized form show no fluorescence, all dihy- 
dropyridme compounds exhibit a strong whitish fluorescence when irradiated with fil- 
tered ultraviolet light. This makes it possible to follow the oxidation-reduction of the 
pyridine compounds by carrying out the reaction before an analytical mercury vapor 
lamp (W'aebubg 1361)). Acidification and the consequent destruction of the dihy- 
droforms abolishes the fluorescence. 

Physical and Chemical Properties of Cozymase: 

The molecularweig h t of cozymase is as yet not definitely established. Warburg 
1366) estimates it to be close to 700. The empirical formula given by Euler and Sohlbnk 
(see above) corresponds to a molecular weight of 663. Experimental determinations yield 
somewhat lower values (860, 861, 868, 313, 313)). 

Cozymase passes the usual dialyzing membranes (313, 889, 460, 308)). It is not 
adsorbed by sUicie acid (889)) nor by Al(OHa) from acid solution, but it is strongly 
adsorbed by the latter at ph > 7 (889, 311)). AlgOj adsorbs cozymase less strongly than 
codehydrogenase II (276)), thus enabling a separation of the two closely related substan- 
ces (see below). Cozymase is not precipitated by most heavy metal salts or alkaloid 
reagents (cf. MtkbIck 856)). 

Cozymase is weakly optically active: the specific rotation is about — l(f for the 
green mercury line (863)) and about — ^20° for the red cadmium line (869)). Thermal in- 
activation (heating for 1 hour) decreases the optical activity to — 10° (859)). 

The coenzyme is strongly acidic: it titrates as a monobasic acid (v.Euleb and Schlenk 
1033,317); MEVERHOPet al. 797)) contrary to earlier findings of Eulbe et al. 269)). The 
isoelectric point of cozymase is at ph 8.1 . Below ph 3.1 cozymase will migrate to the 
cathode and behave as a monovalent base with a pxe of about 10 just Uke adenine. 
Cozymase exhibits, therefore, amphoteric properties (797)) and may be treated as an 
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acid only above pli 8.1. Upon heating in alkaline solution a second acidic group is nn- 
covered (864, 861, 866)). 

'In alkaline solution, particularly at elevated temperatures, the coenzyme is rapidly 
destroyed (866)) whereas dihydrocozymase remains unchanged when heated for 30 mins, 
to 100° in 0.1 N. NaOH (11)). In acid solution, cozymase is quite stable (854)) while dihy- 
drocozymase is instantly destroyed by acid (see above). Thisdifferenceinstability of the' 
two forms towards acid and alkali may serve for the determination of the equilibrium 
between the oxidized and reduced form in living cells (7)). The optimum of stability at 
room temperature is at ph 8 — i (289)). At higher temperatures (up to about 70°) cozymase 
is quite stable, particularly in acid solution; at still higher temperatures and particularly 
at higher ph the coenzyme is inactivated (cf. 856)). At about 80°, and especially in weakly 
acid solution, cozymase is markedly more stable than codehydrogenase II (290)). When 
kept at higher temperatures and for a longer period (1 hour at 100° at ph 8.5 or for a 
shorter period in alkaline solution) eozymase decomposes (867)), perhaps with the for- 
mation of adenosine phosphoric acid since Euleb et al 290, 322) observed an increase in 
the effect on glycolysis and ''umphosphorylierung’’ with a simultaneous decrease in 
eozymase activity (see also 270) and 291)). 

It appears that under the influence of alkali eozymase breaks down into nicotinic 
acid riboside and adenosine diphosphoric acid (1201, 316, 318)). Thus the *'cophosphory- 
lase’’ formed by alkaline inactivation of eozymase (1024), cf. p. 223) is very probably 
adenosine diphosphoric acid. Whether the reaction products formed by acid hydrolysis 
of eozymase may also act as cophosphorylase(1021)) and whether the active component 
is different from adenosine phosphoric acid (272)) is not quite clear (1021)). (See also 
the hydrolysis experiments by Euler and Gunther 291)). In any event, pure eozymase 
itself is probably inactive as cophosphoryiase, contrary to earlier findings by Vestin 
1199). The same holds for the substance formed by acid inactivation of dihydro- 
cozymase (272, 277))*). 

Ultraviolet light inactivates eozymase rapidly in dilute soIuHon (1014)) with pre- 
servation of the cophosphorylase activity. The coenzyme is relatively stable against 
oxidizing agents, even H^Og, in acid solution. HgOg in presence of traces of iron, hypo- 
bromite (866)) and also hypoiodite inactivate eozymase rapidly, 6 atoms of I being ab- 
sorbed by 1 molecule of coenzyme (852)). Iodine itself, in acid solution, is unable to attack 
eozymase (866)). Nitrite causes slow deamination (848, 858, 867)), When the NHg-group 
on the adenine part of eozymase is removed by treatment with HNOg, the resulting 
desaminocozymase shows 1/8 of the activity of eozymase (1026a)). 

While eozymase is stable towards most enzymes (863)), it is readily attacked by 
phosphatases (848, 867, 847)). Schlbnk, Gunther and Euleb 1026) have recently 
subjected eozymase to the action of emulsin preparations containing nucleotidases with 
a ph-optimum in weakly acid solution and free from nucleosidases (prepared according 
to Bredebeck and HELif'ERiCH). The reaction yields two nucleosides, namely adenosine 
and a nicotinic acid amide nucleoside (probably nicotinic acid amide riboside). This 
nucleoside is unable to replace eozymase in alcoholic fermentation, and attempts to effect 
an enzymatic resjmthesis of eozymase from the nucleoside plus adenosine, adenylic acid, 
adenosinedi- and triphosphoric acid in presence of apozymase have thus far failed. En- 
zyme preparations from pancreas and castor oil seeds but not the lipase contained in the 
latter will also split eozymase (262)). After the death of the cell eozymase is rapidly 


*) See, however, OFie*ENHEiMBB"s p. 1402. 
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destroyed by aBtolytic enaymes. This ensymatic breakdown proceeds in a liianner 
different from that in alkaline solution and goes probably further than the liberation of 
adenylic acid, which itself is also decomposed in tissues (S93)). Further literature on this 
subject', will be found in MybbIck's compilation (866)). 

TriphosphopyrMine Niscleotide: 

(Wabburo’s Coferment, Oodehydrogenase II) *) 

This coenzymo, like cozymase, owes its ability to transfer hydrogen to the presence 
of a pyridine nucleus in its molecule. According to Wabbubg 1266, 1253), it is a triphos- 
phopyridine nucleotide and thus distinguished from cozymase by the presence of a third 
phosphoric acid residue (1259)). It was first isolated from the red blood cells of the horse 
where it is combined with a specific protein ("Zwischenferment”) to form a hydrogen 
transferring enzyme capable of dehydrogenating hexose monophosphate (Bobison- 
ester) (1259, 1268)). It is probably identical with Hareison’s glucose phosphate dehy- 
drogenase. 

Constitution: The first structural formula proposed for codehydrogenase II by 
Wabburo 1266) was, as follows.: 


f 0P=0 


E OH 


E and E' designate pentose residues. Eui.be and Schlenk Sll?), on the other hand, 
formulate the eoenzyme in analogy to cozymase in such a manner that all three phospho- 
ric acid groups are lined up in a triphosphate linkage: 




p-O—r 0 OH 0 p-0— ; C= 

+ I HH H II i II H I HH 1 11 

N-G-C-C-C-C-O-P-O-P-O-P-O-C-C-C-C-C-N 
H, I I HH I II I HH j 1 H '' 

HO OH 0 0 OH HO OH 


=C-C-NH., 


Inasmuch as adenosine triphosphoric acid has not yet been isolated as a breakdown 
product the formula is still hypothetical. 

The determinations of the electrophoretic mobility of codefaydrogenase II by 
Theobbul 1149) indicated only two dissociation constants: pi^j, = 1.8 and pj^ = 6.1. 
According to these findings, the coenzyme is only dibasic and one of the free OH-groups 
of the phosphoric acid residues is either linked to the pyridinium nitrogen atom, as is 
probably the case in cozymase, or to the NH 2 -group of the adenine nucleus. The latter 
possibility is supported by the failure of Thbobell 1149) to detect free basic groups in 
the molecule and by the resistance of the eoenzyme towards nitrite (Waebuhg and 
Chbistian 1S69)). Inasmuch as an addition of boric acid does not increase the acidity 
of the molecule, conjugated OH-groups are probably absent (Thbobell 1149)). Other 
measuremen ts of Thbobell 1160), on the other hand, indicate that each stage of dis- 
*) Renews: Warbubg 1235 ); W. Schlenk 1017 ). 
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sociation corresponds to 2 H-ions which would suggest that the whole molecule is 
tetrabasic. 

Absorption Spectrum: Codehydrogenase II. has the same characteristic band 
at 260 m^i as has eozymase. There is also complete analogy in the spectral changes 
accompanying the reversible reduction by Na^SjOi or by hexosemonophosphate in pre- 
sence of the bearer protein (Zwischenferment of Warbukg). The “dihydro-band” is 
situated at 34o mp. (1295, 1253)) and the dihydroform exhibits a white fluorescence 
when irradiated with filtered ultraviolet light (1255)). Historically speaking, all important 
features of these pyridine coenzymes where first discovered in the case of the code- 
hydrogenase II and most of the subsequent work on cozymase by Waebubg and by 
Euler was “emc Analogiearbeit” (Warburg 1235)). Upon irreversible hydrogena- 
tion with Pt-Hg in alkaline solution 6 H-atoms are absorbed per coenzyme molecule 
and no “dihydro-band” appears (1259)): The pyridine nucleus is reduced to piperidine 
w'hich has no selective absorption in this range; this reduces the height of the band at 
260 mfi to the value corresponding to the adenine component only (1259)). Upon 
destruction of the dihydroform by acid the “dihydro band” is abolished and a band at 
295 mp appears (Kaeeee, 530); Haas 431)). This band, too, is stable only in presence 
of sulfite (431)). 

Preparation: The coen^ijrme was first isolated from red blood cells by Wakburg 
and Christian 1259). The centrifuged cells are cytolyzed with water. An acetone frac- 
tionation is followed by precipitation with mercuric-acetate and as the barium salt. The 
latter step permits the removal of most of the accompanying adenylic acid and cozymase. 
Further purification is accomplished by precipitation of the codehydrogenase II by 
ethyl acetate from HCI-methanoI solution and by fractionation with lead acetate. The 
fluorescence originally observed (1149)) is due to an impurity (1247)) which may be 
.removed by oxidation with Br 2 (1263)). Attempts to effect a purification by electropho- 
resis were not successful (Thborblii 1149)). 

Codehydrogenase II may also be obtained from yeast by working up the mother 
liquor remaining after precipitating the eozymase as the cuprous salt (EhiiBR and Adlbr 
376)). A separation of the two coenzymes may also be brought about by chromatographic 
analysis on an AlgOg column: codehydrogenase II is more strongly adsorbed than cozy- 
niase and accumulates in the upper layers of the column from which it may be eluted by 
treatment with m/50 to m/100 KH 2 PO 4 at elevated temperature (276)). Furthermore, 
codehydrogenase II, in contrast to eozymase, is precipitated by lead acetate (269)). 
Another possibility is the difference in solubility of the Ba-salts in water after adding 
alcohol (Warburg). In this manner it is also possible to separate the two pyridine coen- 
zymes from cophosphorylase (1253)). 

The degree of activity and of purity of the codeliydrogenase is determined by com- 
parison with a standard preparation in a test system containing the specific protein 
bearer, Eobison ester and yellow ferment, or by determining the amount of hydrogen 
taken up upon irreversible hydrogenation in m/lO borate buffer with platinum black as 
catalyst. Another method consists in determining the extinction at the maximum of 
the “dihydro-band” after reversible hydrogenation (1269)), 

Composition and chemical properties: Elementary analysis yields the empi- 
rical formula (Warburg and Christian 1269)), corresponding to 1 

mole adenine, 2 moles pentose, 3 moles phosphoric acid, 1 mole nicotinic acid amide, 
minus 6 HgO. The content in adenine, as determined directly, is about 17 %, in nicotinic 
acid amide 15—16 % (1256)). The latter was first isolated in the form of the pierolonafee 
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aad later as the hydrochloride (1348)). Another empirical formula put up for discnssioB 
by Wabbubo and Ohbisman 1263) is where one of the sugar residues 

•would be a pentose and the other a hexose. The molecular weight as calculated from the 
first formula is, 743 and from the second 791. The value actually found by cryoscopy is 
875 (Wabbubo and Ohkistian 1259)). 

The coenzyme is readily soluble in water and in anhydrous methanol in presence of 
strong acids. It has not yet been obtained in crystalline form (1369)). The various precipi- 
tation reactions are listed by Wabbubo and Cheistian 1259) and Schlbnk 1017). The 
compound is stable in alkaline solution but it is almost , instantly destroyed in acid 
solution (1269)). Ultraviolet light causes rapid destruction (1249)). In muscle tissue about 
85% of the codehydrogenase is inactivated in 1 hour and 94% in 3 hours (373)). The 
split products thus formed have not yet been identified. 

Preparation of Codehydrogenase II from Codehydrogenase I (Co- 
gjymase): 

Eulbb and his associates have lately described experiments indicating a trans- 
formation of cozymase into codehydrogenase II. When cozymase is treated with POGlg. 
(ScHLENK 1020)), a product is obtained capable of replacing codehydrogenase II in the 
test system for the dehydrogenation of Bobison ester. The extent of conversion of co- 
enzyme I into coenzyme II is small under those conditions. An enzymatic transformation 
•with the aid of dried yeast (apozymase) and adenosine triphosphoric acid as phosphoric 
acid donator is indicated by the experiments of Vbstin 1200), Eulbb and Vbstin 331) 
and Eulbb and Baubr 284). The authors are careful, however, in considering their 
evidence merely as strongly suggestive but not absolutely final. Ultimate proof will 
consist in the isolation of pure codehydrogenase II from the reaction mixtures. The 
issue is important because the relative ease with which an additional phosphoric acid 
residue appears to be attached to the cozymase molecule throws doubt upon the for- 
mulation of codehydrogenase II as containing a chain of three phosphoric acid radicals 
in series (see above), as Schlbnk 1020) points out. If the conversion of eozymase into 
codehydrogenase II can be verified, a revision of the formula proposed for the latter 
by Schlbnk and Eulbb will probably be necessary: It would appear, then, that one of 
the phosphoric acid residues is contained in a side chain rather than in the main chain 
of the bridge between the two nucleotides. 

b) Oophosphorylase. 

Cophosphorylase, a coenzyme first described by Mbyebhop and Lohmann, is the 
active group or agon of phosphorylase. It is very probably identical with adenosinetri- 
phosphoric acid = adenylpyrophosphoric acid. There is a possibility, according 
to Waijburg 1263), that cophosphorylase is the diadenosine-pentaphosphoric acid descri- 
bed by OsTBRN 907) and Beattie et al. 94). Lohmann and Sohustbb 736), however, 
consider this compound to be a decomposition product of adenosinetriphosphoric acid"**). 
The catalytic function of adenosine 6 -triphosphoric acid may be represented by the follow- 
ing reversible reaction: 

Adenosinediphosphoric acid + H 3 BO 4 ±> Adenosinetriphosphoric acid. 

T^ substance has been isolated in pure form from animal tissues, from blood and 
also from yeast (cf. 1019, 193)). In working up material for adenosinetriphosphoric acid. 


*) For data concerning adenosine-5-phosphorio acids see Schlbnk 1019). 
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e.g. heart muscle, it is important to prevent autolysis by removal immediately after the 
death of the animal and by working at low temperature. Otherwise diadenosine-pen- 
taphosphoric acid is formed (736)). Ostbbn and Babanowski909) succeeded in preparing 
adenosinetriphosphoric acid by enzymatie synthesis. The separation from the pyridine 
nucleotides is accomplished by conversion into the barium salts (Waebubg and Cheistian 
1363)). A substance with strong cophosphorylase activity is formed by the decomposi- 
tion of eozymase by alkali (Schlenk, Buleb et al. 1024)). 

The structural formula given by Lohmann 734) corresponds to an adenylpyrophos- 
phorie acid with a free amino group: 

N=C-~NH2 


HC C— N 


0 - 


CH i H H 
/ ^C— C— C- 

“ ' i: 


H 


OH OH OH . 


. c— C— 0— P— 0— P— 0~P= 0 
H H i| j! \ 
HO OH 0 0 OH 


This formula has been confirmed by Making 747). The solutions of adenosintriphos- 
phoric acid are very unstable: even at room temperature, particularly in acid and al- 
kaline solution, phosphoric acid is split off (739)). In the tissues (crustacean muscle) the 
dephosphorylation takes place in two steps (Lohmann 733)) : first adenosinediphosphoric 
acid and then adenosinemonophosphoric acid (adenylic acid), is formed. Living as well as 
toluene-treated B. eoli will attack adenosinetriphosphoric acid both under aerobic and 
anaerobic conditions, causing dephosphorylation and deamination. According to Lutwak- 
Mann 741), hypoxanthine, ribose and NHg are the end-products of this breakdown. 

The absorption spectrum is similar to that of cozymase: in both compounds the 
adenine nucleus is responsible for an absorption band at 260 mp, which is somewhat 
broader in the case of cophosphorylase (869, 860, 301)). 

The ease of transformation of the various adenosine-5-phosphoric acids into each 
other and the fact that according to the equation given above adenosindiphosphoric 
acid gives rise to the triphosphoric acid renders the task of assigning the cophosphory- 
lase function to any one of these compounds very problematic. In fact, in the literature 
adenylic acid as weU as the di- and triphosphoric acid are indiscriminately called co- 
phosphorylase. The term may perhaps be better restricted to the two immediate reaction 
partners, viz. to the di- and triphosphoric acid, bearing in mind that in the presence of 
suitable enzymes any other adenosinephosphoric acid may be utilized as precursor of the 
coenzyme. 

In this connection diadenosine-5'5'-tetraphosphoric acid should also been mentio- 
ned. It was recently isolated from yeast by Kiesslino and Meyerhof 563) and at first 
erroneously identified as a cozymase pyrophosphate (Meyerhof and Kiesslino 790)). 
In its activity as cophosphorylase it behaves similarly to adenylpyrophosphoric acid. 
Probably the largest fraction of the adenosine-5'-phosphoric acid in yeast is present in the 
form of diadenosine-tetraphosphoric acid, 

e) Protein Bearers of Nucleotide Coenzymes. 

Only a few of the more important bearer proteins or mixtures of bearer proteins 
required to supplement the nucleotide eoenzymes to form active holoenzymes (or sym- 
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plexes) shall be mentioned in this section. This is justified because these proteins have 
only in isolated instances been obtained in pure form. For a fuller discussion the reader 
is referred to the review articles by Eulbh 260), Thunbeeg 1174), Meyerhof 788) 
and to the “Supplement” of Oppenheimer (p. 1378 — 1388). 

Apozytnase: 

Apozymase, according to Eulbe’s definition, is holozymase minus eoenzymes, in 
other words the sum of the bearer proteins of the fermentation enzyme complex. Washed 
dried yeast or dialyzed yeast maceration juice may thus be used as apozymase prepara- 
tions (Lohmann 730)). It is very difficult, however, to obtain reproducible results with 
such insufficiently defined preparations. The same eozymase preparation when added to 
various crude apozymase preparations will produce fermentation of appreciably differing 
intensity. If care is taken to employ always the same strain of yeast and to standardize 
all operations, quantitatively reproducible results may be secured (OHiiMEYER 898)). 
Ohlmeyer uses rapidly dried yeast. It is washed 8 times with water to remove most of 
the eozymase. MybbIce 849) employs exclusively bottom yeast, because he finds that 
cozymase cannot be completely removed from top yeast. The washed brewers yeast is 
pressed, driven through sieves and dried at the air. The dry yeast is treated with water 
5 — 10 times and each time centrifuged off. The resulting apozymase is spread in thin 
layers on glass plates and dried in air. 

Such preparations are stated to be stable for about 4 weeks and may be standardized 
with eozymase preparations of known purity. The separation of an “oxido-reducase”, 
decolorizing methylene blue when mixed with boiled yeast juice containing co:^mase, 
from yeast maceration juice has been effected by ammonium sulfate precipitation 
Lebedbw 706)). 

The criteria for the absence of eozymase from apozymase are as follows (Mybback 
849)): Addition of sugar, or phosphate and sugar, or acetaldehyde and hexosephosphate 
must not give rise to C02-formation. After treatment with water at 80° the extract thus 
obtained must not promote fermentation after adding apozymase, sugar, phosphate and 
hexosephosphate. An activity in the latter case would indicate the presence of small 
amounts of eozymase contained in the apozymase preparation. On the other hand, 
addition of eozymase together with sugar and phosphate should give rise to active 
fermentation. 

Fractionation of Apozymase. 

Fermentation Test Proteins of Waebueg: 

Waebueg and Cheistian 1253) and Nbgblein 879a) isolated two protein fractions 
called A- and B-protein, from yeast maceration juice, in the presence of both protein 
fractions plus eozymase, adenylpyrophosphate. Mg, Mn and inorganic phosphate, hexo- 
semonophosphate will react rapidly with acetaldehyde in accordance with the over-all 
equation: 

2 Hexosemonophosphate + 1 Phosphoric acid -f 2 Acetaldehyde = 

1 Hexosediphosphate -f 1 Pyruvic acid + 1 Phosphoglyceric acid -j- 2 Alcohol. 

In the absence of one of the two protein fractions or one of the two eoenzymes no 
reaction takes place. The accumulation of pyruvic acid is due to absence of carboxylase 
in the system. The detailed mechanism of the above reaction is discussed in the papers 
by Waebueg and Cheistian and in Mbyebhof’s review 788). According to Mbtbehof, 
Kiessling and W. Schulz 791) the A-enzymes fraction contains the phosphorylating 
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which, in cooperation with the adenylic acid system, are responsible for the “Umphos- 
fhonjlierung" of phosphopyruvic acid and for the synthesis of hexosediphosphate from 
hexosemonophosphate plus phosphopyruvic acid or plus phosphoric acid. The B-protein 
fraction contains all the other enzymes required for the fermentation process except 
carboxylase. 

The main steps in the preparation of the A-protein (Nbgelein 879a)) are the 
following: Fresh Lebedbw juice from bottom brewers yeast is brought to ph 7.8 to 
8.0. The heavy protein precipitate formed is discarded. The supernatant solution is 
adjusted to ph 6.5 and the A-protein is precipitated by adding the same volume of 
saturated ammonium sulfate. After repeating the ammonium sulfate fractionation three 
times, other inert proteins are removed by heating the solution to 40° for 30 mins. The 
A-protein is precipitated from 0.35 saturated ammonium sulfate solution by acetic 
acid (ph 4.35). After dissolving the A-protein at ph 6.6 at 0° alcohol is added to a total 
concentration of 20 % for stabilization purposes and a further purification is brought 
about by precipitation of the active fraction at ph 5.2 and at 0° and by redissolving at 
ph 6.38. The A-protein may be stored for 3 months at 0° under half-satured ammonium 
sulfate without appreciable loss in activity. In aqueous solution the protein is rapidly 
denatured. 

The B-protein fraction is larger than the A-fraction, It is obtained by removing 
the A-fraction by acid, neutralizing and precipitating with 75 % acetone (Waebueo and 
Christian 1253*)). 

Protein of Acetaldehyde Reducase (Acetaldehydrese). 

It has already been mentioned that the pyridine coenzymes, when acting together 
with specific protein bearers, form a number of holodehydrogenases (p. 212). One of 
these deh 3 ''drogenases is the enzymatic component of the zymase complex which is 
responsible for the reduction of acetaldehyde to the end-product of yeast fermentation, 
viz. ethyl alcohol. Like all dehydrogenases, the same enzyme is capable of catalyzing 
the reverse reaction, i.e. the o.xidatioa of alcohol to acetaldehyde. Both the forward and 
the back reaction may be used to test the activity of the enzyme. The coenzyme in this 
case is cozymase, i.e. diphosphopjridine nucleotide. The protein has been obtained in pure, 
crystalline form by Negblein and WtJLFF 883). 

Preparation: Starting material is Lebedbw juice from bottom (brewers) yeast. 
The degree of purity of the protein in the whole juice is 0.0065. Inert proteins are par- 
tially removed by denaturation at 55°. Fractionation with acetone increases the degree 
of purity to 0.022. The active protein is precipitated by ammonium sulfate at 0.62 
saturation and subsequently at 0.50 saturation. After dissolving in water the degree of 
purity is 0.28. By three alcohol fractionations the latter is raised to 0.69. From 28 kg. 
dried yeast 5.8 g. of protein of this purity were obtained. The protein may now be 
crystallized from 0.4 saturated ammoniumsulfate solution at 38° (yield 81 %). The 
fact that the activity per weight remains unaltered after three crystallizations indicates 
that the crystals represent the pure protein of the dehydrogenase. The salt may be re- 
moved by dialysis and the protein may be obtained in dry and stable form by drying the 
solution at 0°. 

Properties: The protein crystallizes in very thin hexagons. Microanalysis yields 
the following values: C 52.8 %, H 6M %, N 16.54 %, S 1.21 %. The absorption spectrum 
show's the typical protein band at 280 m /*. The protein is relatively stable at 0° and 
neutral reaction. It is rapidly inactivated at ph < 5.0 and > 8.5. It is very sensitive 

Oppenheimer-Stern, Biological Oxidation. 
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towards heavy metal ions, particularly copper. The protective action of yeast gum or 
gly cocoll is ascribed to complex formatioii with heavy metals. The activity of the protein 
is determined in a system containing pyrophosphate buffer, yellow enzyme, cozjmase, 
alcohol and semicarbazide-HCl which is employed to remove the acetaldehyde formed 
during the reaction. As the acceptor is pure oxygen, the rate of oxygen uptake is a measure 
of the activity of the protein under these conditions. Another method consists in follow- 
ing the rate of the reduction of the coenzyme by alcohol by means of a photoelectric method. 

Of the remarkable observations concerning this crystalline protein' recorded in the 
paper by NsGELRiN and Wulfp 883) only the most important may be mentioned. It 
was found that the affinity of the eoenzyme to the protein depends on its state of oxi- 
dation-reduction: The reduced pyridine coenzyme has an affinity to the protein three 
times higher than that of the non-reduced coenzyme. The nucleotide concentration at 
which half the holoenzyme is dissociated into nucleotide and protein is 3 X 10*^ M. in 
the case of the hydrogenated eoenzyme and 9 x 10“"® M. for the nonhydrogenated coen- 
zyme. It should be mentioned that in the instance of a triphosphopyridine nucleotide 
-protein (hexosemonophosphate dehydrogenase) the two forms of the coenzyme have the 
same affinity for the protein component (Nbgblbin and Haas 882)). The rate of reduction 
of the acetaldehyde is greater than that of the oxidation of alcohol. Assuming a mole- 
cular weight of the protein of 70,000, one protein molecule is able to catalyze the reaction 
of 28,500 molecules dihydropyridine nucleotide with acetaldehyde per minute (at high 
aldehyde concentration) and of 17,000 molecules pyridine nucleotide with alcohol (at 
high alcohol concentration). In equilibrium half of the pyridine nucleotide not bound 
to protein is hydrogenated if the alcohol concentration amounts to 1350 times that of the 
aldehyde concentration. 

The capacity of the protein to catalyze the reaction of many coenzyme molecules 
with substrate molecules per unit time and the dissociation of the holoenzyme into 
coenzyme and apoenzyme (pheron) have undoubtedly a biological significance. The 
concentration of the coenzymes in the cell is so great that they must be far in excess 
of the concentration of the corresponding protein bearers. In contrast to chromoproteids 
of the type of hemoglobin or yellow enzyme where prosthetic group and protein are linked 
with considerable affinity and where each prosthetic group requires the presence of one 
protein molecule, the dissociable dehydrogenase systems operate with a few protein mole- 
cules which bring a large number of coenzyme molecules to reaction with the substrate. 

According to Mbyerhof 788) the amount of adenosintriphosphorie acid and of 
cozymase present in rabbit muscle, for example, would correspond to more than the 
total protein content of the muscle if a molecular ratio of 1 : 1 for protein/coenzyme 
were maintained. This fact illustrates that actually a large excess of coenzymes over the 
corresponding proteins exists in the tissue. 

DIaphorase (Coenzyme Dehydrogenase): 

Until very recently it was generally held that the reoxidation of the hydrogenated 
pyridine nucleotides is usually accomplished by the yellow enzyme which is thereby 
reduced to the leuco-flavoprotein. The latter reacts with molecular oxygen or w-ith hemin 
systems in the ferric form to regenerate the oxidized form of the yellow enzyme. 

The recent findings by Adlbr 10) and by Dewan and Green 199) indicate that, at 
least in animal tissues, not the yellow enzyme but a different enzyme, called diapho- 
rase*) by A dler and co enzyme factor bj^ Green, represents the specific cozymasa 
*) From the Greek = transfer. 
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dehydrogenase. The diaphorase, in turn, forms the coupling link between the pyridine 
enzymes and the hemin systems of the cell (cytochrome-cytochrome oxidase). 

Preparation: So far it has not been possible to obtain diaphorase free from all 
dehydrogenases. Whether rabbit skeletal muscle or hog heart is chosen as starting material 
depends on which dehydrogenases one wishes to avoid in the final product (Dew an and 
Green 199)). 

Fresh muscle tissue is finely minced, washed 6 times with tap water, ground with 
sand and m/50 phosphate buffer, ph 7.2, and pressed through cheese cloth. The filtrate is 
freed from coarse particles by centrifuging and then brought to ph 4.6 with acetic acid. 
The precipitate is suspended in m/50 phosphate, centrifuged, washed three times with 
the buffer, and finally suspended in m/10 phosphate, ph 7.2. In the course of the puri- 
fication the enzyme seems to undergo aggregation. In any event, the final preparations 
form fine suspensions with a strong Tyndall effect. Diaphorase shares tMs property 
with cytochrome oxidase (see p. 264). 

Euler and Hellsteom 294) use the following procedure for the preparation of 
purified diaphorase from hog heart and skeletal muscle: 

Heart muscle brei is alternately washed with water and 2 per cent saline until the 
mass has become almost colorless. It is then ground with phosphate buffer and centri- 
fuged. The solution is cooled to 0° and the enzyme is precipitated by cold acetone COj. 
The precipitate is dissolved in 0.1 N. NHg. Addition of 0.1 to 0.2 saturated ammonium 
sulfate solution yields a precipitate containing 2/3 of the original activity. It is redissol- 
ved in 0.1 N -NHa and treated with COj at low temperature in such a manner that the 
ph does not fall below 7. The solution of the purified enzyme thus obtained contains 
70 per cent of the total activity. The enzyme may be precipitated by further treatment 
with COj. Dry preparations, however, are not very stable. 

Properties: The crude enzyme preparations are quite stable. The purified solutions, 
too, will retain their activity for some time when stored at 0°. The enzyme is remarkably 
stable in 0.1 N. NHg. The same holds for ph 10, while 95 per cent of the activity will dis- 
appear within 5 mins at ph 4.13. (Euler and Hellsteom 294)). Upon warming the solu- 
tions to 45° at ph 7.5, 66 per cent of the activity is destroyed in 30 mins. At ph 9.0, 10 
mins , heating to 53° cause 70 per cent inactivation. 

The absorption curve shows the usual protein band at 260 — 270 m /a. There is no 
specific absorption at wavelengths longer than 300 m ja. In comparison with other enzymes 
the electrophoretic mobility of diaphorase is relatively high and increases rather steeply 
at ph 9. According to Euler and Hellsteom this behaviour is indicative of a dissociation 
constant situated near ph 9.5 — 10. 

The ph-optimum is located in the alkaline region: At ph 6—7 the activity is still 
relatively small. It increases steeply with increasing ph, showing a sharp maximum at 
ph 10 and declining rapidly at still higher ph-values. Borate, in contrast to phosphate, 
inhibits the enzyme activity. It is remarkable that the alkaline ph-optimum corresponds 
to the alkaline optimum of ph-stability of the diaphorase as well as of free dihydro- 
cozymase (p. 219). Pyrophosphate activates the enzyme while Cu-ions inhibit it markedly. 
Neither iodoacetate nor malonate have an effect *). 

Function: The function of diaphorase, as has already been stated, consists in the 
dehydrogenation of dihydrocozymase. According to Green 199) the dihydroform of 

*) According to a recent note by Straub, Corban and Green (Nature 143, 119 (1939)) diapho- 
rase belongs to the group of yellow enzymes, the prosthetic group being a flavin adenine nucleotide. 
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codehydrogcnaso IL is also dehydrogenated by the enzyme, whereas Euler claims 

absolute specificity for cozymase as the substrate (394)). The nature of the apodehydro- 
genase has no effect on the reaction of the dihydrocoenzyme with diaphorase (Dewan 
and Gkebn 199) ; Adler and Hughes 13)). In vitro, methylene blue and pyocyanine may 
function as acceptors (Adler et al. 10)). The acceptor, in vivo, is the cytochrome system 
(a and b). No direct reaction between diaphorase and molecular oxygen has been observed. 

Distribution; The occurrence of diaphorase has not yet been systematically 
studied. Besides its presence in various animal tissues, such as heart and skeletal muscle, 
brain, kidney and liver of mammals, Dewan and Green 418) have found it in yeast. 

Phosphorylase; 

For a discussion of the complex situation with regard to phosphorylase systems 
the reader is referred to Oppbnhbimer’s Supplement to his book “Die Fermente”, 
p. 1891—1403. 

It is probable that there is no separate phosphorylase as a synthesizing enzyme, as 
distinct from phosphatase. Phosphorylation is probably the back reaction catalyzed by 
phosphatase. 

Pure phosphorylase (phosphatase) has not yet been obtained. Euler and Adler 
376) have purified monophosphorylase starting with crude “ Zwischenferment” prepara- 
tions from yeast. Their method consists in a series of adsorptions on A1(0H)3 (Cy) and 
elutions. If the elution is carried out with acetic acid at ph about 5,5, monophosphory- 
lase may be obtained in partially purified form. The enzyme is destroyed by alkaline 
eluents. 

WiNBBRG and Brandt 1340) obtained a stable “heterophosphatese” preparation 
from yeast by a procedure similar to that used by Schappner and Bauer 1015) for the 
purification of the ordinary yeast phosphatase. The enzyme was purified and stabilized 
by dialysis against glycerol. Their preparation showed a ph-optimum of about 7 for the 
phosphorylation of glucose and maltose. The quite flat optimum is similar to that of the 
adenylpyrophosphatese of muscle. 

4) Quiuoid Intermediary Catalysts *). 
a) Pyocyanine. 

Occurrence: Pyocyanine has thus far beenfound in nature only in B. pyocyaneus 
(also called Pseudomonas pyocyanea). The bacterium synthesizes the blue pig- 
ment when grown in suitable media such as ragitbouillon Merck at ph 7.8 — 8.0 (Wrede 
and Strack 1347)) or, better, in peptone-gelatin medium (Elema and Sanders 238)). 
The pigment is secreted from the naicroorganisms into the surrounding medium from 
which it may readily be obtained in crystalline form. Under optimal conditions of culture 
and with a suitable strain of bacteria, pyocyanine concentrations of 260 mg. per liter 
medium have been recorded (Elema and Sanders). 

Isolation: The cultures are extracted with chloroform and the blue chloroform 
solutions are treated with dilute HCl which takes the pigment up with red color. The 
HCl solution is made alkaline by NaOH and the pigment is re-extracted with chloroform. 
Now either the free base may be obtained in crystalline form by evaporating the chloro- 

*) The biological effects of these substances, particularly on tissue metabolism (acceptor 
respiration) have been discussed in a previous section (p. 108), 
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form, dissolving the amorphous residue in hot water and cooling to 0°, or else the hydro- 
chloride may be obtained by taking up the residue remaining after evaporating the chloro- 
form with HCl and slow concentration in vacuo. Inasmuch as the free blue base suffers 
decomposition to yellow and colorless products upon storage, it is preferable to prepare and 
store the red pyocyanine hydrochloride. 

Constitution and Synthesis: The empirical formula of the pigment is 
(OisHiQONg)^. At first. Weeds and Strack were inclined to double this simplest formula. 
Alkali in presence of air yields hemipyocyanin, C^gHgONj, which could be identified 
with synthetic a-hydroxyphenazine (1). 


I. OH 



a-Hydroxyphenazine 


II. 0 

/\/^\/\ 

CH3 

Pyocyanine (N-Methyl- a-oxyphenazine) 


The remaining C-atom is present as a methyl group which is attached to one of the 
phenazine nitrogens inspite of the ease of its detachment by HI and by oxygen in al- 
kaline solution. This has been proven by the synthesis of pyocj^anine by Wrbde and 
Strack 1348) : when a-hydroxyphenazine is heated for a few minutes with dimethyl- 
sulfate to 100*^, an adduct is formed which upon treatment with alkali yields pyocyanine. 
The pigment is therefore identical with N-methyl-a-oxyphenazine (II). The synthesis is 
formally analogous to the preparation of N-methyl-phenazoniumiodide by Hantzsch 
from phenazine and methyiiodide. 

The synthesis of Wrede and Strack starts with pyrogallol-l-methyl ether. It is 
oxidized with lead dioxide and coupled with o-phenylenediamine to form a-methoxyphe- 
nazine. Treatment with fuming HBr yields a-hydroxyphenazine. The latter is converted 
into pyocyanine by diraethylsulfate. Michablis, Hill and Schubert 816) have im- 
proved the process in several details. They confirm that the synthetic product is identical 
in all its properties with the natural one. Synthetic pyocyanine hydrochloride is now 
available commercially (e.g. from Hoffmann La Eochb). 

The work of Wrbde and Strack did not permit one to decide whether the methyl 
group is attached to the phenazine nitrogen nearest to the oxygen atom or to the one 
distant from it. This point has recently been decided by Hillemann 488) in favor of the 
formula shown above (II): The reaction of leuco-pyocyanine with oxalylchloride yields a 
labile oxalylderivative with the participation of the oxygen and one nitrogen atom of 
pyocyanine. This can only be the case, if the N-atom close to the OH-group in leuco- 
pyocyanine is not methylated. As Hillemann points out, it is as yet not possible to 
decide between the two possibilities indicated in the formulations Ila and Ilb: 
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The chemical properties of pyocyanine and of the hydroxy-phenazine methosulfate 

appear to favor formula Ilb, i.e. the “phenol hetam” structure. uioroform 

Molecular weight: Molecular weight determinations in alcohol or chloroform 
yield^no reproducible values. From freezing point determmations m glacial acetic acid 
WeLe and Stback 1347) concluded that the oxidized form of the ‘iy® ^ f f 

molecular weight of the reduced form. They assign, therefore ITelema 2^) ToLlude 
formula Both Feiedheim and Michaelis 376) and Elema 233 ) conciuue 

from their ^entiometric studies that the dye has half the molecular _ y 

Weede and Steack and consequently the formula II which had Rubied by 
latter workers. Kuhn and Valko 672) confirmed the fmdmgs of Michaelis and of 
Etema bv diffusion measurements in water and in benzene. , i .u 

Chemical Properties: Pyocyanine crystallizes from chloroform-petroleth^ 
in thhi da“k blue needles. It is sparingly soluble in cold water, benzene ether and petrol 
ether- and readily soluble in warm water, chloroform, warm alcohol, mtrobenzene, pyri- 
dine and phenol. The solutions show no well-defmed absorption bands. The pi^me 
shows a sharp melting point at 133° without decomposition Dry Jstillation yields 
sublimate of yeUow crystals of a-hydroxyphenazine. 2 N.NaOH destroys it. 

A distinct fluorescence of pyocyanine in solution has been described by 
It has already been mentioned that the free pyocyanme base which exists m alkaline 
solutions is blue and that the cation (or hydrochloride) is red. 

Oxidation-reduction behaviour: Beducing agents transforin pyocyamne 
into the colorless dihydro-pyocyanine. The reduction is readily Dihydro- 

pyocyanine is autoxiaizabie (o/o, 


In alkaline solution the reduction takes 
place in one step involving the uptake of 
two electrons. Consequently, the color 
change is here from blue directly to color- 
less (cf. 362)). In acid solution, on the 
other hand, i.e. at ph below 6, the reduc- 
tion proceeds in two steps which are indi- 
cated by a color change from red over 
green to colorless (Feiedheim and Mi- 
cHABLis 376), Elema 233)). The result 
of the careful potentiometrie studies of 
pyocyanine by Michaelis and by Elema 
is summarized in Pig. 14 showing the 
dependence of the normal potentials on 
the hydrogen ion concentration. The ordi- 
nate gives the potentials as they were 
directly measured, i.e. referred to the calo- 
mel electrode. The normal potential of 
pyocyanine, as referred to the standard 
hydrogen electrode, E'^, is — 0.039 V. 
at ph 7.0. This is slightly more negative 
than the potential of methylene blue. 
The diagram. Fig. 14, shows the three normal potentials E^, Eg, and Ent of the 
various steps of the reduction-oxidation process as calculated from the index potentials 
(see p. 101). At ph above 6 the two steps show marked overlapping. Michaelis has 



QUINOID INTEBMEDIAEY CATALYSTS 


231 


calculated that at ph 7 there may exist as much as 10 per cent of the semiquinoid radical 
form. Dissociation constants are indicated at ph 4.85 (oxidized form), ph 5,7 (semi- 
quinone) and ph' 9.26 (reduced form). 

The semiquinoid radical could be isolated by Kuhn and Sohon 670) in the form of 
the perchlorate as obtained by treating leuco-pyocyanine with CIO/ in ether. The titration 
of the compound with sodium stannite shows that the dye is contained in it in the mono- 
hydroform. A further proof of the radical nature of the intermediate form is the para- 
magnetism of the perchlorate (Katz 633)). The formula of the radical as proposed by 
Michaelis 805, 801, 803) is as follows: 


/V'^w 
t 

E 

''N- 
CH, 


The electron is thought of as oscillating between the two azine nitrogen atoms. Con- 
versely, the positive charge will also oscillate in accordance with the electrostatic requi- 
rements of the resonance phenomenon. 

In dilute alkali, under pure nitrogen, the radical will suffer disproportionation into 
the fully oxidized and the fully reduced form: 


2 


OH 

I H 


-1- 2 OH'-^ 


0 






-f 2H,0 


CHg OH 3 CH 3 

Upon admission of air the leueo form is reoxidized and consequently the color strength 
and stannite amount required for reduction are doubled (670)). 

Precursors, Isomers, and Homologues of Pyocyanine: 

The mother substance of pyocyanine, a-hydroxyphenazine, is also a reversible 
redox system (Michaelis, Hill and Schubert 816)). The oxidized form is lemon-yellow 
between about ph 1 to 11; it turns red at ph < 1, and cherry -red at ph > 11. The semi- 
quinoid form is green at every ph where it is capable of existence. The normal potential 
at ph 7 is about 100 millivolts more positive than that of pyocyanine. The E/ph-curve of 
this dye will be found in the original paper as well as in the review article by Michaelis 
805). As in the case of pyocyanine, the ordinate is plotted in terms of the potentials 
measured against the calomel electrode and not as referred to the hydrogen electrode. 
In order to obtain the corresponding Eo'-values, about 240 millivolts must he added to 
these values. 

Weeds and Steack 1348) have prepared the ethyl and the propyl homologues of 
pyocyanine. Their potentials have as yet not been measured. However, their increased 
solubility in water and their greatly increased stability towards alkali and oxygen as 
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^^'“^The'^otentials of p-hydroxyphenazine and of 

ph 3 and an overlapping of the two steps at higher ph-values The j^ethvli-oxy- 

oKnt-ii n 900 V for iS-hvdroxyphenazme and about — 0.165 V. tor JN--metiiy / - y 

seems to show promise as a redox indicator and ph indicator as well. 

It should be possible to cover the physiologically important range of the redox 

scale by compounds related to pyocyanine. 

b) Chlororaphine*). 

rhlororanhine the pigment of the Bacillus chlororaphis G. and S., was first studied 
from plVof vS. by in 1911. The constitution of chlorornphm. was 

Lcidated by'^the recent work of Hot et al. 586a). They showed it to be identical 

with monohydrophenazine-a-carbonamide. .a t rsw,,, ,^r, « PnnJrl 

Preparation: Bacillus chlororaphis is grown accordmg to Lasseur on a liquid 
"synthetic” medium containing asparagine, glycerol, and inorganic salts. The pigmen i 
secreted from the bacteria in crystalline form. The green crystals may be separated 
from the ceUs by fractional centrifugation. Besides the green chlororaphme, the bac- 
tZ prodrce a%ilow pigment, caUed oxychlororaphine. The third form described by 
Lassbue, called xanthoraphin, was found to be identical with oxychlororaphme. 
Chlororaphin is freed from adventitious oxychlororaphm by washing with chloroform. 
It is then recrystallized in an atmosphere of nitrogen from acetone- water. One liter 

of culture medium yields about 37 mg. chlororaphin. . - r t •„ 

Constitution: Kogl received 240 mg. of the original preparation of Lassbub m 
the form of oxychlororaphine. Its empirical formula is CisHgONg. Upon heatup wito 
KOH one mole NH, is split off and a carboxylic acid of the empirical fornaula OuJlgUBiNa 
is formed. The latter is decarboxylated to phenazine by distillation with soda, lime. 
Oxychlororaphine was found to be identical with synthetic phenazine-a-carbonamide (i). 
The latter, upon mild reduction, e.g. with zinc dust in boiling water, yields a derivative 
identical with chlororaphine (II). Chlororaphine is therefore a quinhydrone-like derivative 
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of oxycUororapliino. The original view of Kogl that chlororapMne is a molecular com- 
pound of the fully oxidized and the fully reduced phenazine-carbonamide has been modi- 
fied in accordance with the views of Michaelis to the effect that it is now considered 
to be the semiquinoid radical of oxychlororaphine both in the crystal and in mineral 
acid solutions. At other ph-values the radical disproportionates into the quinoid and 
benzenoid forms. 

Properties: Chlororaphine crystals melt in Ngat 228—230® (uncorrected). They are 
insoluble in water, chloroform, petrolether, benzine, toluene and in alkali. They are 
sparingly soluble in alcohols and readily soluble in acetone, phenol, aniline, glacial acetic 
acid and mineral acids. When exposed to air the crystals are slowly transformed into 
oxychlororaplim (phenazine-a'Carbonamide). In acetone-HCl, the pigment shows absorp- 
tion bands at 705, 638, 587 and 538 m /a. 

Oxychlororaphine (phenazine-a-carbonamide) crystallizes from methanol in pale- 
yellow needles (M.P. 24F). The crystals are insoluble in petrolether, little soluble in water, 
ether and alcohols, somewhat better soluble in chloroform, acetone, and glacial 
acetic acid. 

Oxidation-Reduction Potential: The semiquinoid nature of chlororaphine 
was fully confirmed by the potentiometric study of Elema 234). He found that at very 
low ph-values all three oxidation-reduction stages (see above) 
are sufficiently soluble to permit potentiometric titrations 
in a homogeneous system. Upon reduction the color of oxy- 
chlororaphine turns from light yellow to an intense emerald 
green and then to orange yellow, the latter representing the 
color of the dihydrocompound. Pig. 15. shows the three nor- 
mal potentials of the chlororaphine system plotted against 
ph, according to Elema. 

The crossing-over of the three potentials is located at ph 
2.1 (semiquinone constant at this point = 1). At the right 
side of the crossing the formation constant appears to remain 
constant, although small, over a certain ph-range. The radi- 
cal might thus be formed to a small extent even at higher 
ph-values just as in the case of pyocyanine and riboflavin. 

The extremely low solubility of the semiquinoid form (chlo- 
rorapliine) in the physiological ph-range accounts for its 
formation in crystalline form in the bacterial cultures. E^' at ph 7 is about — 0.130 V., 
i.e. 100 millivolts negative to pyocyanine. 

c) Toxoflavin. *) 

Toxoflavin is the name conferred by van Veen and Mertbns 1193 , 1194 , 1195 ) 
upon the prosthetic group of a yellow pigment which arises in cultures of Bacterium 
bongkrek under aerobic conditions. The native pigment complex together with another 
colorless substance, is held responsible by these workers for a number of cases of food- 
poisoning among the natives of Java. Whereas the native pigment complex is highly 
toxic when administered perorally or intraperitoneally to monkeys, pigeons and rats, 
the crystalline prosthetic group, toxoflavin, retains its high toxicity only for rats when 
injected intraperitoneally, 5 to 25 y representing the lethal dose. In the monkey, 1 to 
2 mg. per os will induce vertigo and sleep. The decrease in toxicity in the course of the 
'olso p. 110, 



Fig. 15. EJph-curve of Chlo- 
roraphine (Elema 284)). 
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purification of toxoflavin is attributed by the authors to the detachment of the yellow 
dyestuff from a natural colloidal bearer^ presumably of protein nature, but also appa- 
rently containing lipids (phosphatides). 

Preparation and properties of native pigment complex: Young glycerol- 
water cultures of B. bongkrek which are intensely yellow are treated with basic load 
acetate. This reagent precipitates impurities. The yellow filtrate is freed from excess 
lead; by adding' phosphate (ph 7). The yellow pigment may be further purified by dialysis. 
The dry residue obtained by evaporation in vacuo at low temperature is strongly yellow 
colored and contains lipids as well as proteins besides toxoflavin. It is soluble in water 
but' insoluble in absolute alcohol at 0^ indicating, the linking of the dyestuff to a protein: 
The whole . complex may be precipitated by phosphotungstate at weakly acid reaction. 
On the other hand treatment of the aqueous solution of the pigment with alcohol 
at 30® causes a partial breakdown into an alcohol-soluble yellow pigment and an insoluble 
protein. However, the alcohol-soluble part does^ not yet represent free' toxoflavin, being 
still precipitable with phosphotungstate. If now the 'aqueous solution is , treated with 
Na 2 S 04 and if the salted-out pigment is extracted with chloroform, free toxoflavin passes 
into the solvent. Accordingly no precipitate is formed with phosphotungstate. Further 
proof for complex formation under biological conditions is furnished by the inabi- 
lity of the native complex to pass dialyzing membranes while the free toxoflavin is 
readily diffusible. 

Isolation ^a'nd properties of crystalline toxoflavin:, A liquid culture 
medium containing glycerol, peptone and inorganic salts dissolved in water (ph 7) is 
spread in thin layers to ensure saturation with oxygen and is inoculated heavily with 
B, bongkrek. After 45 hours at 28® the culture has assumed a deep yellow color and 
contains a maximum of the pigment. It is saturated with anhydrous N%S 04 0^ and 

extracted with cold chloroform. After adding an equal volume of petrolether to the yel- 
low-green, weakly fluor4cmg chloroform solution the toxoflavin, which is present in 
free form, is taken up by water. The aqueous solution is saturated with N%S 04 and the 
pigment is extracted with ethyl acetate. After, adding petrolether 'ice-water will again 
extract the toxoflavin. The concentrated solution is brought to dryness in a high-vacuum 
over PgOg and adventitious fatty material is partly removed by pretolether and ether 
extraction. The residue is dissolved in a little water and once more evaporated to dryness 
in a high-vacuum. The almost pure, crystalline toxoflavin is now dissolved in chloro- 
form, concentrated in vacuo and induced to crystallize by adding dry ether. One liter 
of culture medium will yield about 15 to 20 mg. toxoflavin in the form of small yellow 
crystals (partly flat needles and partly platelets). The crystals melt sharply at 171 — ^172® 
with slight decomposition. / 

Toxoflavin is readily soluble in water and alcohol, less soluble in ethyl acetate and 
chloroform, and almost insoluble in ether, benzene and petrolether. The green fluorescence 
is more pronounced in amyl alcohol than in water. Light does not affect the pigment under 
varying conditions. Toxoflavin dialyzes rapidly through parchment membranes. It is 
adsorbed on norite and fullers earth and may be eluted from the adsorbates by dilute alco- 
hol and pyridine (or ammonia). While the yellow color is quite stable in water at ph 3 to 7, 
it is slowly abolished at ph 1 and 9. Only at the latter ph the decoiorization is reversible 
for a short time. 

Light-absorption: According to measurements by B. E. Holibay (cf. 1083) 
there exists a general resemblance between the absorption patterns of toxoflavin and 
of the flavin pigments. In aqueous solution (ph 6.5) a steep absorption band at 260 mft 
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is accompanied by an inflection at 310 m and by a lower and rather broad band 
centred at 405 m The molecular extinction coefficients calculated for a molecular 
weight of 166 (see below) amount to about one-half of the corresponding values for 
flavins. After standing for a short time at ph 3 or ph 11 the fading of the yellow color is 
accompanied by an almost complete disappearance of specific light absorption. At ph 9 
the lieigth of the long wave band decreases and a distinct band is formed instead at 320 
mil. This band also disappears on standing. 

Structure: Inspite of many chemical details brought to light through the work 
of VAN Veen and Mertens 1195) the problem of the exact chemical constitution of 
toxoflavin is still unsolved. The only conclusion that may be drawn at the present time 
with assurance is that the original assumption of van Veen and Mertens that the pig- 
ment may belong to the class of flavin pigments studied by WAEEURa, Ellingee, Kuhn, 
Karrer, Stern and others is untenable. The name toxoflavin chosen on the basis of this 
hypothesis is therefore a little misleading. 

Microanalysis yields 43.5^ — 43.26 % C; 3.57 — 8.98 % H; 34.04 — 33.9 % N, corres- 
ponding best to the empirical formula CgHeN402. There is one N-methyl group present 
in the molecule which is removed only with great difficulty by HI. According to East’s 
campher method and to kryoscopic determinations in water the empirical formula given 
above is not to be doubled. Accordingly, toxoflavin would be an isomer of methyl- 
xanthine which is difficult to reconcile with the general properties of the pigment. 

Toxoflavin is very stable against oxidizing agents like HgOg, HNOg, Brg. With bisul- 
fite a brick -red addition compound is formed which is decomposed and decolorized by 
dilute acids. Heating with Ba(OH)2 to 100'' does not yield urea in contrast to photoflavin. 
Toxoflavin is devoid of acidic groups. Upon heating with KCIO3 plus HCl a strong mure- 
xide test is obtained when NHg is added. Alloxan (or methylalloxan) was identified as 
a product of oxidation under these conditions, besides methylamine and NHg. Toxoflavin 
does not react with HNO2 or bromine. Careful treatment with N.HCl yields a colorless 
compound the crystals of which melt at about 250'’ with decomposition. Microanalysis 
indicates that one HgO has entered the toxoflavin molecule. This would suggest that the 
ring present in toxoflavin has been opened to form an isomer of a methylated pseudo-dihy- 
droxy purine. However, concentrated HCl even at 100'' fails to causering formation. The 
derivative no longer gives the murexide test with KClOg -f* HCl. The solution in alkali is 
intensely yellow. 

In a recent communication, van Veen and Baars 1192) assign the following 
structure to toxoflavin: 

CHg— N— CO— C=- N— CH^ 

I I M 

OC— NH— C— N 

The close relationship of this formula to that of methylxanthine is obvious. The place 
of attachment of the CHg group has been chosen arbitrarily. Ultimate proof of this con- 
stitution may probably be afforded only by synthesis. 

Oxidation-Eeduction Behaviour: Van Veen and Mertens 1195) made the 
following observations: In weakly acid or alkaline solution toxoflavin is reversibly 
reduced by sulfurous acid to a colorless compound. Upon shaking with air or addition of 
H2O2 or bromine water the yellow color is restored. This may be repeated at will. Upon 
hydrogenation in ethyl acetate with platinum black as the catalyst about 1 molecule 
is taken up and a brown product results. In acetic acid with platinum oxide as the 
catalyst, on the other hand, about 3 molecules Hg are absorbed and a colorless solution 
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res»H». In both instance, shaking air -U1 r«tore ‘te “risW “'phoTjS 
actively growing bouillon cultures of B. b^Sut olS toi“in ?h, prLess'^n.ay 
buffer at ph 7 will also_slowly decolorize a “ ^ the yellow color. 

be accelerated by adding glucose. ^ it r van Veen made possible a potentio- 

A gift of crystalline toxrflavm by Dr A. GJAnJeen m^^^ 

metrie study of the pigment (Stern 1 )). , . , . . .j reversible and electro-active 

£S!2^iiSSL5ir.‘t.;s;» 

ri=S£%;=^S=iS 

vance into a ph-range alkaline enough to show, perhaps, a aisii 


semiquinone for- 
mation. However, 
it was felt that 
the consistent in- 
crease in steepness 
of the titration cur- 
ves towards the al- 
kaline range was 
sufficient basis for 
a tentative treat- 
ment of toxoflavin 
as a two-step redox 
system in the light 
of the theory of 
MicHAEtis and of 
Elema. The dia- 
gram shown in Pig. 
16 contains indivi- 
dual titration cur- 
ves on the left hand 
side and the result- 
ing E„7ph-curve on the right hand side. The latter curve indicates dissociation eon- 

stants° of the reduced form at ph 5.8 and 7.2. 

A scrutiny of the data concerning the flavins, (and more particularly photoilavin 
which shares several properties with toxoflavin) and toxoflavin results in the conclusion 
that the similarities noted by van Veen and Mertbns are of a rather superficial nature 
and that they are outweighed by far by fundamental differences between the two 
types of pigments (Steen 1083)). The only known natural pigments to which toxoflavin 
may perhaps haye a structural relationship are the pterins, the wing pigments o 
certain butterflies. Xanthopterin, the pigment of Gmepteryx rhami, is somewhat 
similar to toxoflayin with respect to elementary composition, absorption spectrum, 
reyersible oxidation-reduction, murexide reaction indicating a purme nucleus, and 
fluorescence. *) Unfortunately, inspite of great efforts, the constitution or molecular 

*) A discussion of the chemistry of these interesting pigments on the basis of the work of 
Hopkins, Wieland, Sch6pp and other workers will be found in E. Bebgmann s review article (»7)). 
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weight of the pterins are likewise still obscure, all definite formulas which have been 
proposed having been refuted or withdrawn. 

d) Phthioool and other Naphthoquinones. 

Isolation of Phthiocol: When the human type of tubercle bacillus is grown 
on the Long synthetic medium, the organism grows on the surface of the liquid in the 
form of a faintly cream-colored pellicle. Anderson and Newman 24) discovered in al- 
cohol-ether extracts of such cultures a pigment, phtliiocol, which is yellow in acid and 
red in alkaline solution and which appears to be specific for tubercle bacilli. The pigment 
is largely associated with the acetone-soluble fat fraction of the bacteria. After saponi- 
fication with KOH the pigment was separated from the crude fatty acid fraction and 
from anisic acid. The most important step in this separation process is the precipitation 
of the fatty acids in the form of their lead salts. Further purification procedures include 
extraction with amyl alcohol from the alkaline solution, steam distillation and removal 
of the admixed anisic acid by extraction of the mixed potassium salts with acetone. 260 gm. 
tubercle fat yielded 0.17 gm. of pure recrystallized phthiocol. The yellow prisms melt 
at 173—174°. 

Properties: Phthiocol is only slightly soluble in water but it is easily soluble in 
organic solvents, except petroleum ether, giving yellow colored solutions. In dilute 
alkalies the pigment dissolves to yield deep red solutions. Acidification changes the color 
to yellow. 

Microanalysis yields the empirical formula OuHgOg and molecular weight deter- 
mination by East’s method gives values 202—206) which are slightly higher than the 
minimum molecular weight (188)). 

Constitution: Direct acetylation yields a monoacetate which, on reductive acety- 
lation is converted into a triacetate (Anderson and Newman 25)). This indicates a 
quinone linkage in the original substance and thus 8 0-atoms are accounted for, 1 as an 
OH-group, and the other 2 as a quinone. The yellow color and the volatility of the sub- 
stance indicate an a-quinone rather than a |6-quinone structure. On oxidation with hy- 
drogen peroxide in alkaline solution phthalie acid is obtained. Anderson and Newman 
conclude that phthiocol is 2-methyl-3-hydroxy-l,4-naphthoquinone: 

0 

II 

' .0 . 

Synthesis: Several methods for the synthesis of phthiocol have been worked out. 
The first one by Anderson and Newman 26) starts with 2-methylnaphthalene. The 
yield, however, was low, the maximum being 12 per cent. Madinaveitia 744) obtained 
the pigment from 2 -methyl- l,4“naphtho(juinonG by the action of calcium hypochlorite 
followed by treatment of the reaction product with H2SO4. The yield was over 60 per 
cent. Finally, Newman, Crowder and Anderson 886) have described a third synthesis 
consisting in the decarboxylation of 3-hydroxy-l,4-naphthoqmnone-2-acetic acid. 
The reaction is carried out by heating this compound, dissolved in diphenyl ether, in 
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the presence of the copperbarinm chromite catalyst of Connor, Polkbrs and Abkins# 

The yield of phthiocol or 2-methyl-3-hydroxy-l,4-naphthoqamone was about 41 per 
cent of the theoretical. 

Oxidation-Eeduction Potentials: A careful potentiometric study of the 
potentials of phthiocol has been carried out by Ball 67), in the laboratory of Mansfield 
Clark. He found both the oxidized and the reduced forms (colorless) perfectly stable 
throughout the usual ph range. At all ph values a change involving two electrons was 
found to occur in a single step in contrast to the two-step oxidation encountered in the 
case of other bacterial pigments (pyocyanine, chlororaphine). The pigment is among 
the most negative redox systems of biological origin. The normal potential, E'^, at ph 
7.0 is about —0.2 V. The following dissociation constants are assigned: for the oxidant 
Ko = 8.82 X 10“®, for the reductant — 1.26 x 10"* and = 2.88 x 10"^*. 

Cultures of tubercle bacilli, according to Aksianzbw, register potentials ranging 
from + 0.300 to -f- 0.005 V. If such potentials may be taken as an indication of the poten- 
tial extant within the cell the phthiocol system would be maintained completely in the 
oxidized state. This is supported by the fact that colonies of the organism are described 
as possessing a yellowish tint. 

Other Naphthoquinones. 

A number of other naphthoquinones have been found in nature. All, except phthio- 
col, occur in plants. Some of them, like juglon, the pigment of walnut shells, and lawson, 
the pigment of Lawsonia, are simple hydroxy-naphthoquinones, while others, e.g. 
plumbagin, a pigment from Plumbago, lapachol, occurring in the Lapacho tree and 
in other plants, have in addition alkyl side chains. All these substances represent rever- 
sible oxidation-reduction systems. The structural formulas and the normal potentials, 
Eo, at ph 0, as referred to the normal hydrogen electrode, will be found in Table 16. which 
was compiled from papers by Ball 57, 68). 

Ball failed to observe any two-step oxidation processes in these pigments. How- 
ever, inasmuch as quinones of the type of hydroquinone and phenanthrenequinone will 
form semiquinones in alkaline solution (anionic semiquinones) (Michaelis 805)), radical 
formation might reasonably be expected also in the case of the naphthoquinones pro- 
vided that the potentials are studied at sufficiently alkaline ph values. 

e) Hallaehrome. 

This pigment was isolated by Mazza and Stolpi 770, 771) from a marine polychete 
worm, Holla parthmopea. Peiedheim 371) utilized for the isolation the property 
of hallaehrome that the red, oxidized form at ph < 8.53 is soluble in amyl- or isobutyl- 
alcohol while it is insoluble in these solvents at ph > 8.53 and now is soluble in water. 
At the latter ph the oxidized form is green. In still stronger alkaline solution it is irrever- 
sibly transformed into a stable yellow compound. 

Whereas Mazza and Stolpi 771) and Eapbe 958) consider hallaehrome to be 
identical with the "red body”, formed as an intermediate in the tyrosine-tyrosinase 
reaction, Peiedheim 374) declares this view to be erroneous. The constitution of 
hallaehrome is therefore not yet definitely established. 

The leuco-form arising upon reduction in mineral acid solution is colorless. With 
increasing ph the system assumes a dark olive brown tint. When air is admitted the red. 
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TABLE 16. 


Structure and Normal Potential of Naphthoquinones. 


Compound 
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oxidized form is regenerated. Priedhbim finds that the individual titration curves are 
atypical, throughout the physiological ph-range and that they become increasingly 
steeper towards the alkaline region. Although the color changes are not clear cut, the 
author interprete,S ' this .phenomenon as due to two-step' reduction in the alkaline range. 
Hallachrome, in this respect, behaves similar to the later studied toxoflavin (see p. 2S6). 
The over-all normal potential, ph 7 is + 0.022 V., i.e. close to that of methylene 

blue. Accordingly, .the pigment exerts biological effects, similar to those of methylene 
blue (see. p... 116). In the worm, the pigment probably acts as an oxygen store for. emer- 
gency purposes: Worms which are buried deep under the bed of the sea or which are 
asphyxiated in air-free water reduce the pig.ment and are thus able to contract .a con- 
siderable oxygen debt. ■ 



E. General Biological significance of Desmolysis. 

1) General Picture of Desmolysis. 

A comprehensive treatment of the historical and fundamental aspects of desmolysis 
will be found in Oppenheimer’s book “Die Fermente” (902)). Inasmuch as the funda- 
mentals of desmolysis have not suffered drastic changes since the time at which that 
book was written, the present discussion aims not at repetition but rather at amplifi- 
cation and some redistribution of emphasis. 

The time is past when fermentation and oxidation were considered to be two 
quite distinct types of biological processes and when the enzymes active in fermentation, 
the zymases, and those active in vital oxidation, were treated as entirely unrelated. Today 
we speak of one great system of enzymes catalyzing the over-all phenomenon of energy 
production in the cell, termed desmolysis. Fermentation no longer designates an isolated 
type of metabolism of micro-organisms but it now covers the total anoxybiontie me- 
tabolism of all organisms. And we know that this metabolism is fundamentally the same 
and that it is promoted by the same type of enzymes no matter whether it remains the 
only type of metabolism in the cell or whether it merely represents the preparation for 
the terminal oxidation in oxybiosis. If the anoxybiontie metabolism does not pass over 
into oxybiosis, certain reactions take place leading to stabilization of the 
anaerobically formed compounds, and lactic acid or ethyl alcohol appear as the end- 
products. The correlation between respiration and fermentation or rather between 
oxygen tension and fermentation is maintained by the so-called Pastbur-Mbyerhoe 
reaction, the mechanism of which is still largely obscure. 

If we disregard these special processes, there is one uniform mechanism Operative 
in both phases (fermentation and respiration) of desmolysis, namely, the transfer of 
metabolic hydrogen. In anaerobiosis it terminates in lactic acid or alcohol and in 
aerobiosis it terminates in water. The hydrogen transfer is effected by two kinds of 
reversible oxidation-reduction systems, viz. by the catalysts in the narrow sense of 
the word (enzymes and mesocatalysts) and by certain metabolites performing 
catalytic functions at certain stages of the breakdown process (e.g. fumaric acid, 
oxaloacetic acid). Decent work has tended to obliterate the line of demarcation between 
these two groups to a certain degree. It only remains well defined there where the 
metabolites undergo irreversible changes, e.g. oxidation to CO 2 and water. In 
that case the metabolites cannot act as redox systems and are therefore no longer 
catalytically active. If we consider the system 

Succinic acid Fumaric acid ^ Malic acid :i± Oxaloacetic acid, 
we have to assume that only a fraction of this reaction occurs in a reversible manner, 
whereas the bulk of the components is further broken down into pyruvic acid and ulti- 
mately completely oxidized. The reversible fractions of desmolysis, on the other hand, 
are the only ones capable of making available the energy required for the maintenance of 

Oppenheimer-Stern, Biological Oxidation. 16 
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life, e.g. for chemical synthesis, and physical chemical work such as osmotic work at 
semipermeable membranes. 

The characterization of desmolysis as a hydrogen shift towards oxygen implies that 
the second end product of oxybiosis, CO 2 , does not arise through a direct oxidation of 
carbon atoms but by catalytic decarboxylation or similar reactions just as in anoxy- 
biosis. Thunbbeg 1770) has lent particular emphasis to this point of view. In contrast 
to other metabolites, the catalytic COg production from hexoses, and thus for the major 
part of energy-yielding desmolysis, may find its simplest expression in the schema 
GeHigOfi -f 6 HgO -> 6 COg + 12 Hg. 

There is a question whether this reaction is possible from an energetic point of view. 
WuKMSEK 1364, p. 23) has tried to estimate the change in free energy involved in this 
over-all process. The result, based on not too-well established data, is that this idealized 
process involves almost no change in free energy. He found a small loss in free energy, 
^ !> = _ 6277 cal. On the other hand, the balance with regard to heat of reaction is 
strongly negative, the reaction is endothermal: A H = 145222 cal. It might be mentioned 
that the non-validity of Bbkthelot’s principle is encountered in all anaerobic sugar 
transformations. The transition of glycogen into lactic acid, for instance, yields almost 
60 % more free energy than heat (Buek 156)). In any event, the energy change is al- 
most zero and it does not matter whether A P is actually a small positive or negative 
value, particularly because the reaction is completely schematized. In reality the well 
studied individual reaction, CHg -00 -COOH CHg -CHO -f- COg, yields an appreciable 
amount of free energy. The main purpose of the above schema is to show that Thun- 
bbeg’s view is not untenable on the basis of thermodynamical considerations. Ener- 
getically it is to be interpreted in such a manner that under anaerobic conditions the 
latent energy of the reaction 6 0-4-6 Og— >-is just sufficient to liberate again the hy- 
drogen from C-H-compounds which during their formation from H -f C have released 
energy. The energy required for this H release is called dehydrogenation energy. 
In the strongly schematized process written down above all of these partial reactions 
have been combined. 

By characterizing the main chain of cell respiration as an oxidation of 
metabolic hydrogen we arrive at a unified and comprehensive conception of its nature. 

2) The Stages of Breakdown, 

a) General. 

It is timely to subject the concept of “stages of breakdown” to scrutiny in the light 
of newer knowledge. One has to consider to what extent substances, isolated from biolo- 
gical systems and chemically well defined, do actually represent intermediates in des- 
molysis. The belief of the occurrence of chain reactions in biological processes gains 
ground steadily. This may mean a number of things. The way is open to interpretation 
of the reactants as "reactive molecules in statu naseendi” or as "activated molecules” 
or “free radicals”. Up till now the only means of testing the role of a compound as an 
intermediate consisted in its chemical preparation and in determining whether it is 
actually attacked and changed in a typical manner when added to the biological system 
in question. Only a positive result carries weight here, because the absence of a reaction 
under such conditions may be explained by assuming that the substance in question 
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will react only if present not in'tiie common stable form but in '^hydrate form*’ or in the 
“activated state”. This term covers molecules of higher than average energy content, 
i.e. molecules which still carry the critical energy absorbed during their formation, as 
well as free radicals. The role of methyl glyoxal in fermentation, as postulated by 
Neuberg, has been discussed from this point of view. The importance of these questions 
has repeatedly been stressed by Wibland. 

To mention a few specific examples, Wibland and Bbrtho 1305) in their studies 
of the oxidation of alcohol via acetaldehyde to acetic acid by bacteria encountered 
such unusual kinetic relationships between the first and the second stage of the process 
that they w’ere led to postulate a much more rapid reaction of acetaldehyde in statu 
nascendias compared with the usual, stable form of acetaldehyde. It is possible that 
the acetaldehyde formed in the first step remains linked to the enzyme, that it is parti- 
cularly reactive in this state and that it is thus enabled to react rapidly to form acetic 
acid. Quastbl and Wooldridge 953), in this connection, speak of the “polarizing 
field” of the catalysts on the surface of resting bacteria. 

Analogous observations on the course of the aerobic transformation of acetic acid 
into succinic acid have been instrumental in arriving at a description of enzymatic step- 
wise processes. Wibland and Sonderhoff 1327) showed that Thunbbrg’s hypothesis 
of the transition of acetic acid to succinic acid by means of dehydrogenation reactions 
is so difficult to confirm experimentally, because the “activated” succinic acid in statu 
nascendi is very rapidly broken down into COg and HgO as the final products. This is 
the reason why only a small fraction of the total succinic acid can be detected along with 
the remainder of the acetic acid, whereas “stable” succinic acid is attacked only one third 
as rapidly as acetic acid. As far as this consideration is concerned, it does not matter 
that the succinic acid perhaps does not arise exclusively from acetic acid but according 
to Krebs from acetic acid plus pyruvic acid (p. 274). Similarly, Weil-Malhbrbe 1287) 
finds that succinic acid when added to animal tissues behaves differently from that 
actually formed in these tissues. The same holds for other intermediates, e.g. fumaric 
acid and malic acid. Accordingly we have to assume that only that fraction of the inter- 
mediates can be isolated in stable form which has lost its activation energy. The activated 
molecules, on the other hand, facilitate synthetic processes. According to Virtanbn 1204) 
and Wibland and Sonderhoff 1327), the combination of activated oxaloacetic acid 
with acetic acid gives rise to citric acid. The same product results from the collision of 
activated acetic acid with oxaloacetic acid (Knoop and Martiijs 583)). Peanke discusses 
the acetoin formation (‘"carboligase reaction”) under the same point of view. These 
thoughts are undoubtedly also of value when applied to synthetic reactions of an higher 
order in the cell such as the formation of fats from carbohydrates. 

The differentiation between ordinary, stable molecules, activated molecules and 
free radicals leads with necessity to the generalization that in colloidal biological systems 
there exist no chemically distinct individual compounds as intermediates, but that we 
are dealing with equilibrium mixtures of all possible phases and types of mole- 
cules at varying levels of energy. Chemically well-characterized individual substances 
may be obtained from such systems by preparative methods which imply the shifting of 
the equilibrium towards the formation of the substance to be isolated. It is precisely this 
situation which renders the a priori decision between several possible schemes of biological 
processes unpractical. At best, one may say that a certain schema represents the simplest 
way of describing a given set of reactions. 
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b) Anoxybiontic Breakdown of Carbohydrates *)» 

We. have to distinguish between three phases of sugar desmolysis: the phase of the 
^^first attack'’, anaerobic cleavage, and aerobic terminal oxidation. 

Whereas it was formerly believed that the sphere of phosphorylation processes was 
limited to the phase of the first attack in the case of free hexoses as well as in that of 
glycogen, the recent work of Embden, Meyerhof, Lohmann, Kobison, Dische and 
Paenas has shown that phosphorylation reactions also dominate almost the entire field 
of the anaerobic cleavage reactions. Only the very last steps take place without the par- 
ticipation of phosphoric acid. They concern the transformation of pyruvic acid into 
lactic acid or into ethyl alcohol via acetaldehyde. 

It should be mentioned, however, that certain animal cells and protozoa are able 
to metabolize glucose without the help of phosphate. Examples are brain tissue (Ash- 
POED B3)), trypanosomes (Reiner and Smyths 976)), tumor tissue (Bumm 155), Elliott 
246)) and embryonic tissue of the chick (Needham et al. 870)). 

If we disregard tHese atypical systems for the present, it may be stated that the most 
profound change in the recent views on carbohydrate breakdown concerns the role of 
methylglyoxal. Under the leadership of Neubbro this compound had come to be 
regarded as one of the intermediates occupying a key position of decisive importance, 
Methylglyoxal was held to be an intermediate in the formation of alcohol via pyruvic acid 
and acetaldehyde as well as in that of lactic acid. Today the place of methylglyoxal has 
been taken by pyruvic acid. Its change to lactic acid involves hydrogenation in contrast to 
methylglyoxal which in Netoeeg’s schema forms lactic acid by hydratation. However, 
the existence in animal tissues of an enzyme, ketonealdehyde mutase or giyoxalase, 
catalyzing this reaction is proof in itself that methylglyoxal must have some biological 
significance; its independence of phosphorylation reactions suggests its importance in 
those cells which metabolize glucose partly or wholly without the participation of phos- 
phoric acid. Incidentally, the glyoxalase reaction is the only instance in which tlie 
necessity of glutathione for carbohydrate breakdown has thus far been demonstrated: 
According to Lohmann, glutathione in the SH-form is the activator of glyoxalase. It 
is therefore not surprising that Needham et ai. 1115a) find glutathione to be indispen- 
sable for phosphorus-free carbohydrate desmolysis. 

The current belief is that pyruvic acid arises first in the form of phospho- 
pyruvic acid and more especially as the phosphorylated enol form: 

CH^ 

II 

C— 0— POsHj 

I 

COOH 

The phosphopyruvic acid exists in equilibrium -with 2-phosphoglyceric acid. The enzyme 
catalyzing this equilibrium is called enolase. Phosphopyruvic acid is the last pliosphory- 
lated compound in the chain of breakdown. Its phosphoric acid radical is transferred 
to glucose or glycogen by the action of the cophosphorylase (p. 222). The free pyruvic 
acid is then either reduced to lactic acid in animal tissues or it is decarboxyla'tod to 
acetaldehyde in alcoholic fermentation. 

♦) Recent reviews: Mbyehhop 788) and Pabnas 917). See also Oppbnhbimbk’s "Syppus- 
mbnt”, p. 1362—1365. 
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A further important development in the field of phosphorylation concerns the nature 
of the substrate which stands at the beginning of the anoxybiontic carbohydrate break» 
down. This substrate now appears to be g 1 y c o g e n rather than a free hexose. For certain 
animal tissues and cells such as muscle and erythrocytes this fact has been recognized 
for some time. Willstattbr and Kohdewald 1337) show that the same is true for 
yeast and leucocytes which synthesize glycogen from glucose previous to the phase of 
the * ‘first attack”. This development is also of interest from an enzymatic point of view. 
Glycogen is already “phosphorylated” and Parnas and Willstatter have demonstra- 
ted for the case of muscle and yeast respectively that the “first attack” on glycogen 
does not yield P-free hexoses but “active” sugar phosphates. Ostern 908) has shown the 
same to hold for starch as the substrate. The first attack on glycogen is not a hydrolysis^ 
but a phosp boro lysis where glycosidic linkages are dissolved by the attachment of 
phosphoric acid residues (Parnas). Where free hexoses are directly attacked we have to 
assume that the process starts with a intramolecular rearrangement of a stable hexo- 
pyranose into a reactive form. The latter whichisnot capable of existence as such is 
stabilized by phosphorylation. In all of these reactions there are always several phosphoric 
acid ester formed simultaneously: The monoesters glucopyranose-6-phosphoric acidj 
fructopyranose-1 -phosphoric acid, fructosefuranose-6-phosphoric acid and glucopy- 
ranose-l -phosphoric acid (Cori and Cori 185)) and the furanoid fructose-diphosphorie 
acid. According to the present views the latter is the decisive constant intermediate of the 
desmolysis proper demonstrating the necessity of the rearrangement of the pyranoid 
into the furanoid structure. The only uncertainty concerns the very first product arising 
from glucose. There is a distinct possibility that enolization of the glucose takes place to 

form the configuration Ci(OH) = CgCOH) which has been proposed by a number 

of authors, e.g. Harden, Neubebo, Ohle, and Nilsson 890). If this is the case, the en- 
zyme catalyzing the rearrangement would be the hexokinase of Meyerhof. If the latter 
is a phosphorylating enzyme, the first step would probably consist in the phosphorylation 
of the enol form in 6-position and the second in a rearrangement into one of the fura- 
noid hexosemonophosphates. One could of course also visualize an enzyme the only 
function of which would be to change glucose into the enol form. The latter, being 
unstable, may then be temporarily stabilized by spontaneous reaction with phosphoric 
acid. Glycogen, as has already been mentioned, yields hexosemonophosphates by direct 
phosphorolj^sis at the glycoside linkages in 4-position (Parnas). It was formerly assumed 
with Euler that the monophosphates are further split into two Og-fragments one of 
which is changed to methylglyoxal without the aid of phosphorus, while the other which 
contains P is resynthesized to zymophosphate(hexosediphosphate) by a secondary reac- 
tion. In the new schema of fermentation the furanoid zymophosphate occupies the 
starting position. It arises by the reaction of hexosemonophosphate with phosphopy- 
ruvie acid. The first step in the breakdown is the formation of the equilibrium system 
zymophosphate : 5 £± 2 triosephosphoric acid set up with the help of the enzyme aldolase 
(Meyerhof and Lohmann). The triosephosphoric acids, in turn, form an equili- 
brium system, Glyceraldehyde phosphoric acid :?± Dihydroxyacetone phosphoric acid, 
which is shifted far over to the right hand side. 

According to the original view of Embden and Meyerhof, this equilibrium system of 
triosephosphoric acids would give rise to the formation of glycerophosphoric acid and 
8-phosphogly ceric acid: 

CHgOH ^CHOH -C^O ‘POgH^ + HOOC -CHOH -CHgO -POgHs. 

Although such a dismutation is quite feasible and certainly does occur under certain 
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conditions, it is no longer believed to be an important intermediary step in fermentation. 
It appears that glycerophosphoric acid is not regularly formed. The reaction has been 
somewhat relegated to the background in favor of a direct dehydrogenation of phospho- 
glyceraldehyde by pyruvic acid which was first postulated by Dische 20b) in the case 
of erythrocytes and which has now been accepted by Meyerhof also for the case of 
muscle. 

In any event, at this stage 3-phosphoglyceric acid is formed as the essential inter- 
mediate. According to Meyerhof, it is transformed into 2-phosphoglyceric acid and then 
to phosphopyruvic acid by the enzyme enolase with the loss of one molecule of water: 
HaPOj-O -CHa -OHOH •OOOH-^CHaOH-CCO •P03H2)H-C00H->CH2=C(0 -POgiyCOOH 
Without liberation of inorganic phosphorus phosphopjTUvic acid looses its phosphoric 
acid to hexosemonophosphate which becomes hexosediphosphate (zymophosphate). This 
transfer is a direct one in the case of yeast and an indirect one in the case of muscle. 
The free pyruvic acid thus formed is either hydrogenated by glycerophosphoric acid or 
triosephosphoric acid to lactic acid with the formation of phosphoglycerio acid or it is 
decomposed by decarboxylation. Depending on the enzyme system in operation, either 
acetaldehyde or lactic acid is thereby produced. As has already been indicated, the phos- 
phoric acid residues combine with fresh carbohydrate molecules which furnish the hy- 
drogen required for the reduction of acetaldehyde to ethyl alcohol. This process in turn 
yields phosphoglycerio acid and later pyruvic acid via triosephosphoric acid, and so on. 
The coenzyme system active in these phosphorylation reactions is adenosinetriphosphoric 
acid -1- magnesium (Mbybrhof-Lohmann): Adenylic acid accepts the phosphoric acid 
from the phosphopyruvic acid and the adenosinetriphosphoric acid thus formed in turn 
yields phosphoric acid to glucose or to hexosemonophosphate (Paenas). la muscle, the 
process is somewhat complicated by the fact that the adenosinetriphosphoric acid will 
transfer phosphoric acid first to creatine to form phosphocreatine (phosphageii) and that 
it is the latter which phosphorylates the sugar. 

How do the pyridinenucleotides (e.g. cozymase) and their specific bearer proteins fit 
into the picture? The present consensus of opinion (Euler 272) , Mp.yf.rhop 795)) appears 
to be that a pyridine ferment participates in the dehydrogenation of triosephospliorie 
acid, probably of phosphoglyeeraldehyde, by being reduced to the dihydropyridine form. 
Pyruvic acid functions as the acceptor of the hydrogen of the dihydropyridine. Tii(> pro- 
ducts of the reaction are then lactic acid and phosphoglycerio acid. In muscle, again, a 
synthesis of phosphocreatine with the aid of adenylic acid interposes itself at this stage. 
According to Euler, equilibria are set up: the hydrogenated cozymase is not only de- 
hydrogenated by pyruvic acid but also by glyceraldehydephosphoric acid. The combina- 
tion of the two reactions is equivalent to Embdbn’s “dismutation” of triosephospiioric 
acid into phosphoglycerie and glycerophosphoric acid. In the event of the catalytic 
decarboxylation of pyruvic acid the latter is replaced by acetaldehyde as the acceptor 
of the pyridine hydrogen. The end product in this case is, of course, ethyl alcohol. The 
pyridine enzyme responsible for this reduction is the acetaldehydrese which is 
identical with the well-known alcohol dehydrogenase. Another component of War- 
burg’s fermentation test system, the A-protein of Negelein, is necessary for the phos- 
phorylation of hexosemonophosphorie acid to hexosediphosphate by phosphopyruvic acid. 
It appears that the pyridine enzymes react only with triosephosphoric acid formed from 
zymophosphate. In this sense, the hexosemonophosphates are not yet "reaction forms” 
since they are not attacked by the pyridine enzymes of anoxybiosis (Meyerhof). 

The question of the coupling between oxido-reduction processes and phosphor- 
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ylation reactions in anaerobic carbohydrate breakdown has recently been further 
investigated by Meyerhof and his associates. The correlation of analytical figures for 
phosphorus distribution over the various fractions obtained from fermentation'’ systems 
(inorganic phosphorus, readily and difficultly hydrolysable phosphorus, etc.) with spec- 
trographic studies of the cozymase-dihydrocozymase system during fermentation led 
Meyerhof, Ohlmeybr and Mohle 798) to propose the following alternative schemes 
for the esterification of inorganic phosphate in fermentation: 

1 Phosphogljmeraldehyde + 1 Cozymase + 1 Adenosinediphosphorio acid + 1 Phos- 
phoric acid ?± 1 Phosphoglycerie acid + 1 Dihydrocozymase -f 1 Adenosinetriphos- 
phoric acid, 

or, 

2 Glyceraldehyde phosphoric acid + 2 Cozymase -f 1 Adenosinemonophospho- 
rio acid (Adenylic acid) + 2 Phosphoric acid 2 Phosphoglycerie acid + 2 Di- 
hydroeozymase + 1 Adenosinetriphosphoric acid. 

According to these schemes, the coupling between the hydrogenation of cozymase 
by triosephosphoric acid and the addition of inorganic phosphate to adenine nucleotide is 
a reversible process. In accordance with suggestions made by Euler and also Osteen, 
the workers consider it possible that the molecule common to the two processes — i.e. 
phosphorylation and oxidoreduction — may be cozymase itself. 

The preparation of the radioactive phosphorus isotope P® (written P® for pur- 
poses of simplicity), has made it possible to "label” the phosphoric acid radicals and to 
follow their fate in fermentation processes. Thus, Hevesy, Paenas and their colla- 
borators 479) synthesized radioactive adenylic acid from Na 2 HP® 04 -f- Adenosine and 
added it to fermenting yeast. After incubation an appreciable fraction of the radioactive 
phosphate was recovered in the sugarphosphoric acid ester fraction. 

Meyerhof et al. 796) have applied the same powerful tool to the study of some inter- 
mediary reactions of glycolysis. Due to the reversibility of the coupling between hydro- 
genation of cozymase by triosephosphoric acid and the combination of inorganic phos- 
phate with adenine nucleotide (798)), P® will invariably enter the adenosinetriphosphate 
molecule during oxidoreduction. From there, P® goes to other phosphate acceptors by 
rephosphorylation. Under physiological conditions the “Wechselzahl” of the readily 
hydrolyzable phosphate in adenosinetriphosphoric acid amounts to a few seconds. 

Cozymase does not bind inorganic phosphate either in the course of the hydrogen 
transfer or of phosphate transfer. Similarly, all pure re-esterification reactions, e.g. the 
Parnas reaction when taking place without oxidoreduction, occur without the partici- 
pation of inorganic phosphate. The same holds for the intramolecular shift of phosphoric 
acid groups, e.g. during the equilibrium reaction 3-Phosphoglyceric acid 2-Phospho- 
glyceric acid. 

Of all rephosphorylations involving adenine nucleotide the splitting of phospho- 
pyruvic acid only is irreversible. The authors, therefore, attribute to this reaction a 
function comparable to that of a safety valve in anaerobic carbohydrate break- 
down. 

There can no longer be any serious doubt that the new scheme of anaerobic carbo- 
hydrate breakdown as sketched above is correct. The main question which remains open 
is whether it is the only scheme of desmolysis. One of the most important arguments 
brought forward against this hypothesis is that in certain instances cells are able to 
metabolize glucose in the presence of fluoride which is known to block Embden-Mbyer- 
hof’s scheme at the stage of phosphoglycerie acid. This is true for certain bacteria and 
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yeast strains (Wbrkman 1294)) and also for embryonic tissues (Needham 871)) where 
both mechanisms, viz., the “phosphorylation scheme’’ and the “phosphorus-free break- 
down”, seem to be operative. As has already been said, the main intermediate in the latter 
type of desmolysis is believed to be methylglyoxal. 

Gaddie and Stewart 384), on the basis of experiments with glutathione as the 
activator of the ketonealdehyde mutase (glyoxalase), conclude that methylglyoxal is 
actually formed in muscle and that it is not to be considered as an artefact. They find 
that in the absence of glutathione methylglyoxal is formed and that in its presence lactic 
acid arises. Their experiments would indicate furthermore that glutathione also affects 
the processes involving pyruvic acid. Acetone-dried preparations of muscle and “Thun- 
BERG^-muscle extracts will form methylglyoxal, but will not attack pyruvic acid even 
when glycerophosphoric acid is added (Aubbl and Simon 42)). Glutathione causes an 
increase of lactic acid formation at the expense of methylglyoxal which is amenable to 
analysis. There is, of course, also the possibility that there exist avenues of desmolysis lea- 
ding neither through phosphoglyceric acid nor methylglyoxal For details concerning the 
„P-free” breakdown of carbohydrates see Oppenheimer’s „8upplement” p. 1477. 

c) The Oxybiontic Terminal Desmolysis*). 

Ordinarily, the oxybiosis of sugars involves as substrates the products formed by 
the anoxybiontic desmolysis. The key substance here appears to be pyruvic acid, no 
matter w^hether it is primarily produced by the main schema of anaerobiosis drawn 
above or from methylglyoxal or in an indirect manner by dehydrogenation of lactic acid. 
Sometimes oxidation may begin also with precursors of pyruvic acid, e.g. with phos- 
phoglyceraldehyde or, according to Jost 610) with phosphopyruvic acid. There is, of 
course, also the approach from ethyl alcohol leading to acetaldehyde and acetic acid. It is 
not known whether this occurs under physiological conditions except in microorganisms, 
although added alcohol is oxidized by animal tissues. The principle that the anoxy- 
biosis is the quantitatively most important preparatory stage for 
oxybiosis is now generally accepted, largely due to the efforts of Kluyver (cf. 578) 
and his eoworkers (cf. Hoogbrheidb 496)). Keeping this in mind we may look into other 
possibilities of oxybiontic carbohydrate breakdown, although their chemistry and their 
actual import for vital processes are largely obscure. For example, we have knowledge 
of the beginning of the oxidation of the unshortened carbon chain of hexoses. There is 
the oxidation of glucosemonophosphate to phosphohexonic acid by an enzyme consisting 
of codehydrogenase II (triphosphopyridine nucleotide) and of a specific bearer protein 
(p. 213). In presence of yeast proteins, Eobison ester is oxidized with the uptake of 3 Og 
(Warburg and Christian 1254)). According to Lipmann 720), the process involves an 
oxidative decarboxylation: 1.5 — 2 molecules of OOg are produced per 1 molecule of 
oxygen absorbed, no COg being liberated under anaerobic conditions. In addition, we 
know of a process whereby glucose itself is oxidized to gluconic acid. The enzymes cataly- 
zing this reaction are the glucose dehydrogenase of Harrison 459) which occurs in ani- 
mal tissues and also in acetic acid bacteria (Tanaka 1137)) and the glucose oxidase of 
MiiLLEE which is found in moulds. According to Takahashi 1129), EMzopus trans- 
forms gluconic acid' into alcohol, formic acid, acetic acid, succinic acid and fumario acid 
with tartaric acid as a hypothetical intermediate. 

The possibility of a different type of sugar desmolysis has also been suggested by 

♦) The literature up to 193B has been reviewed by Lohmann 732). 
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attempts to demonstrate a respiration with sugar as substrate which is independent of 
fermentation. We refer to the well-known experiments of Lundsgaard 740) according 
to which iodoaoetic acid, at least at ph higher than 4.5, suppresses the fermentative 
metabolism of yeast and cold-blooded animals without affecting appreciably the respira- 
tions. There are also the observations of Tbautwbin et al. 1186) that yeast, at ph higher 
than 8, will no longer ferment but continues to respire. The statement of these workers 
that maltose is oxidized by yeast strains lacking maltase has been criticized by Kluyvbe 
and Hoogbrheidb 579) on the ground that the maltose used contained fermentable 
impurities. Hoogeeheide 496) has shown that j'east is only able to oxidize those sugars 
which are also fermented. This problem of an atypical oxidation of sugar involving no 
lactic acid or other products of fermentation is still at a controversial stage. In the case 
of plants and particularly the slightly fermenting moulds in particular such an atypical 
metabolism is quite possible (Boysen-Jensbn 141)). The beginning of sugar breakdo\vn 
may well be made here by the glucose oxidase of Muller and the gluconic acid thus 
formed may well be desmolyzed in a manner totally different from that of lactic acid.*) 
There exist also some experiments concerning animal tissues pointing in this direction, 
e.g. those of Loebel 727) who finds that fructose is not glycolyzed by brain slices but 
that it is completely burned by them, and the analogous experiments of Sherif 1048) and 
Quastbl 947) with galactose. It is not known whether the oxidation of fructose or 
galactose is accomplished by the main chain of respiration comprising the hemin systems 
or by the mechanism of the secondary or residual respiration. For a critical evaluation 
of the effect of iodoacetie acid on fermentation (glycolysis) and respiration reference is 
made to the papers by Meyerhof 789), Krebs 599), Yamamoto 1368) and to the review 
article by Krebs 602). 

In any event, the key substance of the beginning aerobic b^eakdo^Yn in normal 
cells is pyruvic acid. In those cells which contain carboxylase the path leads over acetal- 
dehyde to acetic acid which is dehydrogenated to succinic acid. But also in cells winch 
contain no true carboxylase, acetic acid is probably an intermediate. Bipmann 736) 
has shown that lactic acid bacteria change pyruvic acid into acetic acid by* oxidative 
decarboxylation, and Cook 182) has demonstrated the presence of acetic acid in fresh 
liver tissue. The transformation of acetic acid into succinic acid goes probably by way of 
a-ketoglutaric acid. Succinic acid and ketoglutaric acid may also arise under anaerobic 
conditions from substances like glutamic acid, aspartic acid, and also sugars (Krebs). 
Beyond the stage of succinic acid, however, there is no possibility of further anaerobic 
dehydrogenation. From there on the terminal hemin system and oxygen as acceptor 
are apparently required. 

The decisive key reaction consisting in the dehydrogenation ofacetieacid to suc- 
cinic acid has long been a theoretical postulate. Wiblanb and Sonderhofp 1327) have 
shown that this was due to the fact that activated succinic acid, i.e. succinic acid in statu 
nascendi, is rapidly further oxidized. The analytical detection of succinic acid has been 
possible in the case of Bkizofus (Takahashi 1129)), of Mucor (Butkewitsch 158)), 
of "depleted” yeast (Wieland and Sondebhoff 1327)) and Fmarium lini Bolley 
(Eotini et al. 1008)). 

Depleted yeast transforms added acetic acid under aerobic conditions mainly into 
CO 2 and HgO; but a few per cent of succinic acid and also citric acid may also be detected. 
In the event that acetic acid appears as an intermediate in the oxidation by depleted 
yeast, it can also be demonstrated. This is true for the oxidation of alcohol (Wieland 

*) Details will be found in Ojppbnheimbb’s ..Supplement” p. 14S5. 
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and WiLLE 1329)) and of lactic acid and pyruvic acid (Wibland et al 1309)). In both 
instances, the oxidation proceeds via acetaldehyde, acetic acid and succinic acid. Methyl- 
glyoxal is also oxidized via acetaldehyde although only slowly. For animal tissues the 
change of added acetic acid to succinic acid has as yet not been demonstrated. This 
may be due to a decreased reactivity of "'stable” acetic acid as compared with acetic 
acid in statu nascendi. Such a reactive form might conceivably be produced in vivo from 
acetoacetic acid (Kuhnau 623)). 

All the steps following succinic acid have been shown to be enzymatic catalyses 
(Hahn et al. 440), F. G. Fischer 337),Quastel and Wheatley 946) and other authors). 
These consecutive steps are: 

Succinic acid -> Pumaric acid Malic acid — >* Oxaloacetic acid Pyruvic acid. 

From pyruvic acid the cycle starts anew. We see that the shortening of the carbon 
chain is accomplished by decarboxylation and not by direct oxidation of the carbon. 
At the end of a complete cycle, i.e. from pyruvic acid to pyruvic acid, one pyruvic acid 
equivalent has been completely oxidized while the second has been recovered. 

At the stage of oxaloacetic acid a secondary path leads to citric acid (Wielanb 
1309)). Citric acid may represent a normal metabolite. Under anaerobic conditions, 
yeast ferments citric acid to acetone dicarboxylic acid + formic acid (Wibland and 
Sondebhopf). The former is then hydrolytically decomposed into acetic acid and COg. 
The oxybiontic breakdown of citric acid has recently acquired a considerable interest. 
Upon dehydrogenation by citrico dehj^drogenase with methylene blue (Martius and 
Knoop 755,766) and also with oxygen (Krebs 611)) as acceptor, a-ketoglutaric acid is 
formed and thus the path to the succinic acid system is thrown open. Ketoglutaricacid 
is now recognized as one of the moat important key substances of oxybiosis. In the break- 
down of citric acid, the following compounds play a role besides ketoglutaric acid: iso- 
citric acid, oxalosuccinic acid, and cis-aconitxc acid (Martius and Knoop). All of them are 
readily oxidized and are also partly changed back into citric acid by surviving tissue. 
According to Krebs, the formation and the breakdown of citric acid represents a process 
which in its partial reversibility is somewhat analogous to the fumarie acid cycle of Szent- 
Gyorgyi (see p. 268). Accordingly, Krebs speaks of citric acid as a respiratory catalyst. 
The "citric acid cycle” is blocked by arsenite at the level of ketoglutaric acid (Krebs). 

The difficulty with regard to the first stages follomng pyruvic acid in animal tissues 
has been the absence of an active carboxylase in all organs except muscle. The same holds 
for lactic acid forming bacteria such as B.delbriicki (Davis 196)) and B. coli (e.g. 
Mazza 769)). On the other hand, the new schema of anaerobic carbohydrate breakdown 
in such cells postulates the absence or at least only a small activity of a typical carboxy- 
lase: If pyruvic acid is to be hydrogenated to lactic acid as the end product of glycolysis, 
it must not be previously decarboxylated. Kinetic considerations are of course also 
important. In the reverse process, namely, the dehydrogenation of lactic acid by butyric 
acid bacteria, Wibland and Sevag 1326) observed retardation of decarboxylation as 
compared with the rate of formation of pyruvic acid. In oxybiosis it is quite possible that 
the hydrogen originally mobilized for the hydrogenation of pyruvic acid to lactic acid is 
rapidly used up by a stronger acceptor and that the pyruvic acid in this case might suffer 
a non-enzymatic breakdown to acetaldehyde of the type observed by Wieland and 
W^iNGLBE isSO) at palladium surfaces. According to Hahn 440), oxaloacetic acid suffers 
^-decarboxylation in this way, even heated tissue being active. The latter statement is 
contested by Szent-Gyorgyi (p. 268). It should be noted that acetaldehyde has not 
yet been detected as an intermediate in the aerobic breakdown of pyruvic acid in animal 
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tissues (e.g. Elliott et al. 244)). Cedbansolo 166), on the other hand, postulates acet- 
aldehyde as an intermediate in liver metabolism on the basis of inhibitor experiments 
with dimedone. 

Until recently, all schemes proposed for an oxidation of pyruvic acid without a transi- 
tion to acetaldehyde were purely speculative. They included the condensation of two 
pj'ruvic acid molecules to form acetoacetic acid (Gobr 410)),parapyruvic acid (Annaxj 
et al. 29)) or diketoadipinio acid (Toenibssbn 1182): Mazza 769); Possenti 965)). 
Weil-Malheebb 1287) postulates a dehj^drogenative condensation of 2 molecules of 
pyruvic acid followed by direct decarboxylation to a-ketoglutaric acid (see below'). 
The same author discusses the production of an unstable intermediate in this pro- 
cess (1288)). 

It would appear now that all these complex schemes might perhaps be dispensed 
with. We have to recognize that there exists a direct oxidative decarboxylation 
of pyruvic acid to acetic acid -f 00^. Three different interpretations of the mecha- 
nism of this reaction have been proposed which are not altogether mutually exclusive. 

There is the explanation by Sbvag 1046) that pyruvic acid in statu nascendi is 
rapidly oxidized by freshly produced HjOg. This oxidation of pyruvic acid to acetic 
acid -{- COg by HgOj has been known for a long time and it has recently been investigated 
from a kinetic point of view by Wassebmann 1264). Sevag finds that pneumococci are 
unable to attack pj-ruvie acid, whereas lactic acid is transformed into acetic acid -f COg. 
He assumes that in the dehydrogenation of lactic acid pyruvic acid and H 2 O 2 are formed 
which will react with each other instantaneously, even in presence of catalase. According 
to WiELAND, a catalase resistant peroxide of the type CH 3 — -C — COOH is probably 

/\ 

OHO-OH 

formed. It is subsequently decomposed into acetic acid, COg and HjO. 

It is questionable whether these observations made wdth anaerobes may legitimately 
be applied to aerobic organisms, particularly in view of the fact that animal Ci-Ils and 
also lactic acid forming bacteria are equipped with an enzyme, pyruvic dehydrogena- 
se, catalyzing the dehydrogenation of pyruvic acid in a specific manner. The enzyme is 
closely related to carboxylase, sharing with it the agon, viz. vitamin Bj-pyropltosphoric 
acid (p. 205). One ought to speak of a group of pyruvic dehydrogenases rather tlian of 
the pyruvic dehydrogenase inasmuch as there are indications that the hearer proteins 
to which the prosthetic group or coenzyme is attached in the various ceils show minor 
differences finding expression in a certain difference in properties. Baebox and Miller 
87) have found a pyruvic dehydrogenase in gonococci and they have given it the name 
a-ketooxidase. The system consists of an anoxytropic dehydrogenase which may utilize 
as acceptors dyestuffs of suitable potential, e.g. cresyl blue, and of an "oxidizing” iron 
or hemin system which enables the enzyme to utilize molecular oxygen as acceptor. 
A similar enzyme which appears to contain a flavoprotein instead of the iron system as 
the oxygen transferring component has recently been studied by Lipmann 726) in B. 
delbriioki. Davis 196) had previously shown that this system catalyzes the oxidation 
of lactate and pyruvate to acetic acid 4- CO 2 . Lipmann was able to show that the dehy- 
drogenase has the same agon as the carboxylase from yeast: after removing the natural 
coenzyme by suitable washing procedures he could replace it by a crystalline coearboxy- 
lase preparation of Lohmann and Schostbb 738) from bottom yeast. The difference 
between carboxylase and the B.delbracki enzyme is that the latter will decarboxylate 
pyruvic acid only if 2 hydrogen atoms are detached at the sam4 time. According to 
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Lipmann 1164), pyruvic acid may also be oxidatively deearboxylatedby ferric iron and 
methylene blue in light. 

How can we visualize the chemistry of an oxidative dehydrogenation of pyruvic 
acid to acetic acid and COj? One would have to assume that pyruvic acid exists in the 

^OH 

form of an ortho-acid, CH 3 -CO -C — OH, in the dehydrogenation of which the CO® 

\ 0 H 

becomes labile and is split off. If this is the case the enzyme responsible would be very 
similar in its action to the aldehydrases which will also attack an ortho-form of the 
aldeh^'de, E * 011 ( 011 ) 2 . Another possibility would be that the process takes place in two 
steps the first of which is a straight decarboxylation of the pyruvic acid and the second 
of which consists in a rapid oxidation of the acetaldehyde thus formed to acetic acid. 
The inhibition of the oxidation of pyruvic acid by liver tissue in the presence of dimedone, 
a reagent for aldehydes appears to favor the second alternative (Cedrangolo 166 )). 

A related enzyme system is stated to effect a breakdown of pyruvic acid in ani ma 
tissues which begins with a "'dismutation” reaction (Krebs 605, 606, 609, 610); Lip- 
mann 724)). Two molecules of pyruvic acid react to form acetic acid, lactic acid and CO 2 : 

+ H2O 

CHg'CO-COOH + CH3*CO*OOOH ^CH3*OOOH + CO2 + CHs-CHOH-COOH ( 1 ) 

Thereby half of the pyruvic acid is transformed into the next lower stage of desmolysis, 
acetic acid, and the lactic acid is perhaps changed back to pyruvic acid by dehydrogena- 
tion. This reaction occurs under anaerobic conditions. Succinic acid is also formed under 
these circumstances. Krebs assumes that it arises through the oxidative decarboxylation 
of a-ketoglutaric acid. He finds that the acceptor in this anaerobic transformation is a 
keto-acid, e.g. pyruvic acid, which in turn is changed into an hydroxy-acid. He further- 
more assumes that the same reaction takes place in the course of the desmolysis of 
pyruvic acid alone. Following upon reaction ( 1 ) in which acetic acid is formed, it is assu- 
med that 1 molecule of pyruvic acid -f- 1 molecule of acetic acid as the joint donators 
will react with a keto-acid as the acceptor in such a way that ketoglutaric acid plus a 
hydroxy-acid are formed. In other words, Krebs postulates a dehydrogenation of two 
methyl groups in the sense of Wieland: 

CHs-COOH CH2*C00H 

+ E*CO*COOH-> I + E-CHOH-COOH (2) 

CH3 *CO -COOH CHg -CO -COOH 

The third stage of the reaction, the oxidative decarboxylation of ketoglutaric acid 
by '‘dismutation’* corresponds to reaction ( 1 ): 

CHg-COOH CHg-COOH 

I + E -CO ‘COOH I + CO2 + E-CHOH-COOH . . (8) 

CH2 -CO ‘COOH CH2 -COOH 

The enzyme system catalyzing this reaction wmuld have to be classified as a mutase. 
Since any keto-acid may function as acceptor, the hydrogenation of acetoacetic 
acid (cf. Edson 229)) as well as that of oxaloacetic acid might conceivably be accomplished 
in this manner. This would lend a new aspect to the theory of SzENT-GvoRoyi (p. 268) 
which postulates a hydrogenation of oxaloacetic acid to malic acid which in turn exists in 
an equilibrium with fumaric acid catalyzed by fumarase. In these reactions, too, vitamin 
or rather its pyrophosphoric acid ester acts as a coenzyme. The scheme outlined above 
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appears to have general validity: any a-keto-acid may either react with itself or with 
another a-keto-acid to form a simple acid + CO^ plus an a-hydroxy-aeid or it may react 
with a jS-keto-acid to yield a simple acid + CO 2 plus a ^-hydroxy-acid. In the course of 
'snch dismutations aeetoacetic acid also arises. Consequently, acetoacetic acid may be 
derived from carbohydrate in the following manner; the sugar is broken down to pyruvic 
acid; pyruvic acid and acetic acid form an acetylpyruvic acid which tliroiigh an 
oxidative or hydrati25ing decarboxylation breaks down into the equilibrium system 
acetoacetic acid + H2 ^ ^S-hydroxybutyric acid: 

+ 0 ^ CH3-C0-CH2-C00H + CO 2 

CHa-GO-CHa-CO-COOH^" 

+ CHg-CHOH-CHa-COOH + CO^ 

Liver transforms the acetylpyruvic acid aerobically to acetoacetic acid and anaero- 
bically to / 5 -bydroxybutyric acid. 

As far as pyruvic acid itself is concerned, Keebs assumes that this anaerobic des- 
molysis is not the only mechanism. Whereas in brain and testis the breakdown of pyruvic 
acid is identical under anaerobic and aerobic conditions, in the case of kidney slices there 
exists also an additional aerobic mechanism which might perhaps be explained by 
Baeeon’s and Lipmann’s scheme. 

The concept of the dehydrogenation of pyruvic acid by biological acceptors with a 
simultaneous liberation of COg promises to throw light on some other, still more com- 
plex, fermentation reactions. According to Wood and Werkman 1343), for instance, 
the propionic acid formation by certain bacteria may be due to the functioning of methyl- 
glyoxal as an acceptor of the hydrogen of the pyruvic acid. The reduction of the methyl- 
glyoxal would yield propionic acid. As a matter of fact, the presence of pyruvic acid and 
its decomposition into acetic acid -j- COg have been established in these bacteria. On the 
other hand, propionic acid is probably also formed via succinic acid and by the hydroge- 
nation of pyruvic acid. Again, in Clostridium butyrieum, pyruvic acid serves as 
donator and butyric acid as acceptor with the resulting formation of butanol (Bnowx 
et al. 151)). 

d) Amino Acids and Patty Acids. 

These two groups of substances will be discussed here under a common heading, since 
the main reaction of their desmolysis consists in the breakdown of the carbon chains of 
varying length into products which might be termed "sugar decomposition products” 
from an enzymatic point of view. Before entering into a discussion of this process, we 
have to take up the question of the primary deamination of the amino acids 
which presents a problem of its own. 

We have to distinguish between the „independent” or “isolated” deamination of 
amino acids by certain catalytic mechanisms and the enzymatic desmolysis of amino 
acids where the deamination is only one of the various phases of breakdown. The former 
may be brought about by “unspecific” heavy metal catalysis, by specific dehydrogenases, 
by quinone catalysis and, perhaps, by an anaerobic hydrolytic deamination. The latter 
is now known to consist in an enzymatic dehydrogenation of the amino acid into the cor- 
responding amino acid and a subsequent hydrolysis to an a-keto-aeid with the liberation 
of NH 3 . The experimental proof for this schema has been furnished by the experiments of 
Keebs 600, 601, 608) who was able to stabilize the corresponding keto acids in kidney 
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slices by poisoning their respiration with arsenite (HON is not suitable in this ease). The 
formation of a peroxide at the nitrogen atom postulated by Krebs has already been 
characterized as an unnecessary complication (p. 121). The hydrogen peroxide which is 
formed as a by-product causes secondary oxidations. Krebs was furthermore able to 
elucidate the fate of the individual amino acids. In the case of glutamic acid, for instance, 
he showed that the desmolysis leads over a-ketoglutaric acid and succino-semialdehyde 
to succinic acid: 


OH, 




CH(NH2)— COOH 


->CH, 


CO— COOH 

/ — COi 


CH2< +H 2 O 
^0 


\ 


CH^-COOH 


\ 


CHg— COOH 


CHa-COOH 


+ Acceptor 


CHa-COOH 

CHa-COOH 


It is noteworthy that this schema which was proved by Krebs for the case of tissue slices 
has previously been postulated by F. Ehrlich and verified by Neubbbg for yeast. The 
last step, the dehydrogenation of the aldehyde to succinic acid, may also proceed anaero- 
bically in the presence of a suitable hydrogen acceptor. Other keto acids, also pyruvic 
acid, appear to fulfill this acceptor function by their reduction to hydroxy acids, e.g. 
lactic acid. In this event the aldehyde stage might be dispensed with (Krebs 606, 606, 
609)) inasmuch as the keto acid is directly, oxidatively decarboxylated according to 
Krebs. The above equation would then be simplified as follows: 

/CO-COOH CH^-COOH 

CH2^\ "h H2O “h* Acceptor — ^ j -|- CO2 Acc.Hg* 

GHa-COOH CHa-COOH 

In this manner succinic acid may be formed anaerobically, e.g. in muscle (Moyle- 
Nbedham 841)). NHjis not liberated as such, hut is probably utilized in statu nascendi for 
the synthesis of other amino acids. This assumption of Moyle-Nbbdham has been ex- 
perimentally confirmed by Braunstbin and Kritzmann 144). These authors could 
show that in the dehydrogenation of glutamic acid pyruvic acid functions as NH3- 
acceptor and is thus converted into alanine. In an analogous manner alanine is directly 
changed into pyruvic acid, while oxaloacetic acid represents an intermediate in the corres- 
ponding conversion of aspartic acid. Snccinosemialdehyde arises also from formylgluta- 
mine, the first product of the hydrolysis of histidine by histidase, by the action of HjO^ 
(Edlbacher 227)). In this manner the amino acids just mentioned are directly sub- 
jected to the schema of desmolysis proposed by Thunberg. The other amino acids 
with longer C-chains are converted into fatty acids via the keto acids. If a true carboxy- 
lase is present, their decomposition leads through the aldehyde stage; if it is absent, one 
has to consider an oxidative decarboxylation of the kind discussed for the example of 
pyruvic acid. 

For the purpose of primary deamination, there are special dehydrogenases available. 
Inasmuch as these enzymes, except that acting on glutamic acid, can probably utilize 
only oxygen as acceptor they are called amino-oxhydrases (603, 604, 35, 573)). 
Although the specificity of these enzymes has not been clarified as yet, there appear 
to exist several amino-oxhydrases, e.g. a special tryptophane dehydrogenase. Further- 
more, there seems to be a soluble enzyme attacking exclusively d-amino acids (perhaps 
both a- and ^-&cids) and another enzyme which is tied up with the cell structure and 
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which reacts with the naturally occurring Z-amino acids. Both types occur in micro- 
organisms and in the kidney and liver of higher animals. 

The enzymes concerned with the further breakdown, e.g. opening of the ring of 
cyclic amino acids, can only be mentioned here: The proline nucleus as well as the pro- 
teinogen amines, histamine and tyramine, are attacked oxidatively (cf. Keebs 606)). 
Histaminase (p. 94) has now been recognized as an oxidizing enzyme, histidase splits the 
histidine nucleus hydrolytically. The manner of desmolysis of the diamino acids is not 
known. It is probable, however, that the a-amino group is first split off and that the 
remainder is broken down by yS-oxidation. This at least is the process encountered by 
Kbil 634) in the instance of the unphysiological § -amino valerianic acid which is converted 
into 4-aminobutanone-(2). 

Until recently, the desmolysis of fatty acid chains was no enzymatic problem, 
since an enzymatic cleavage of longer C-chains w’as unknown. Today w’e know of 
dehydrogenases of fatty acids which are present in animal tissues and which bear the 
features of anoxytropic dehydrogenases: while methylene blue is readily utilized as 
acceptor, the terminal respiratory system is required for the interaction with o.xygen. 
Consequently, the oxidation with air is cyanide-sensitive, and it will only proceed with 
liver slices but not with liver brei (Quastel and Wheatley 948)). 

The mechanism of these enzyme reactions is not ymt fully elucidated. We must, 
therefore, for the present rely on observations made in investigations of intermediary 
metabolism*). In principle, there are three ways in which the fatty acid chains are at- 
tacked. The most important reaction is Knoop’s 581) ^-oxidation whereby an acetic 
acid residue is split off from the fatty acid molecule. This is probably also the manner in 
which the dehydrogenases break down fatty acids. The action of these enzymes appears 
to be limited to the dehydrogenation of the CHj-groups close to the carboxyl group. At 
the double bond thus formed the subsequent ^-oxidation, consisting in hydro.xyiatiori and 
further dehydrogenation, takes place. This schema has long been considered as the most 
likely for butyric acid which is dehydrogenated to crotonie acid and then probably 
hydrated to jS-hydroxybutyric acid by an enzyme analogous to fumarase (see below). 
However, this mode of desmolysis seems to have general significance: 

E -CHa-CHa-COOH-vE -CH = CH -COOH-e-E -CHOH -CHg-COOH-e-E -CO -CH^ -COOH 
etc. 

A second mechanism which has been widely discussed but not conclusively proven 
is the dehydrogenation in the middle of the C-chains which might lead to furtli«‘r de.s- 
molysis by the attachment of Oj to the double bond and the formation of an intermeiliate 
peroxide. It might also be that H 2 O 2 in conjunction with heavy metals (pseudo-peroxi- 
dases) brings about a secundary oxidation of the unsaturated fatty acid. The model 
experiments by Smbdley-MagLban 1059) with Cu + HgOa and unsaturated fatty acids 
are of interest in this connection. On the other hand, the relative stability of highly 
unsaturated fatty acids in intermediary metabolism suggests that they are no intermedia- 
tes in desmolysis, but that they exert a specific function in the cell. 

A third mode of fatty acid breakdown is the <o-oxidation (1185, 1186). Here the 
terminal methyl group is oxidized. The length of the carbon chains subject to this oxi- 
dation is from 7 to 12 C-atorns both in the case of triglycerides and sodium salts of the 
fatty acids. Undecylic acid will yield undecandicarboxylic acid in this manner. The 


*) For details the reviews by Oppbnheimbk (l.c, 905, p. 142) and by KaiWAuSSI) should 
be consulted, as well as Oppbnheimbk’s “Supplement” p. 1510. 
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latter is subsequently attacked from both ends until the stage of heptandicarboxylic 
acid is reached. The quantitative significance of the co-oxidation in higher animals is 
probably very small (see also Plaschentrabger 347) and Mazza 766)). In this manner, 
butyric acid could conceivably be converted into succinic acid. The same is perhaps 
true for acetoacetic acid which according to Kuhnau 623) also yields succinic acid. How- 
ever, it is equally possible that the acetoacetic acid is first split hydrolytically into 
acetic acid and that the latter is transformed into succinic acid in the usual manner 
(KiiHNAu). According to Krebs 605), the succinic acid arises through interaction of 
acetoacetic acid and ketoglutaric acid, the j5-hydroxybutyric acid being aerobically 
reconverted into acetoacetic acid and thus acting as an intermediary catalyst. This 
co-oxidation of fatty acids is only a special case of the quite general phenomenon of 
''methyloxidation’’ which has been encountered in various classes of substances such 
as terpenes (e.g. citral, geraniol) and camphor (Kuhn 660)). Kuhn is inclined to assume 
a direct oxidation whereby the methyl group is oxidized to • • -CHa 'OH and a subsequent 
dehydrogenation to * ' *COOH with the participation of the usual redox systems such as 
the yellow ferment. 

Even in the case of the biologically well established jS-oxidation, the knowledge of the 
enzymes involved is quite scarce. It would appear that the fatty acid dehydrogenases 
found in the pancreas and the intestine (Tangl and Bbhrend 1138)), in fatty tissue and 
liver (Quagliariello 941, 942); Mazza 767)) and in plant seeds (Grande 412)) are 
merely preparing the ^-oxidation proper by creating a double bond between the carbon 
atoms 1 and 2 which is subsequently oxidized, probably to a keto acid, leading to break- 
down. In the course of this ^-oxidation eventually acetoacetic acid is formed. While 
this substance is normally further oxidized in the presence of carbohydrate decom- 
position products, it appears as an end-product in diabetes mellitus. The action of 
the carbohydrate decomposition products may be due either to direct reaction with 
acetoacetic acid to form ketol, OHg-CO-CHOH'CHa'CO-OHg, which in turn is readily 
further oxidized (Henze 476)) or to their poising effect on the redox potential of the cell 
as suggested by Kuhnau 622). 

The further desmolysis of acetoacetic acid is pictured by Kuhnau 623) as follows: 

C(0H)— CHg CHg = 0(OH)2 CH = C(0H|2 GHa—OOOH 

III i/OH~^II ^III| -->IV| 

CH_C<' OH^ = C(0H)2 CH = C(0H)2 OH^— OOOH 

^OH 

This conversion to succinic acid may also take place anaerobically with methylene 
blue as acceptor. 

It may well be that acetoacetic acid is not directly decomposed in this way, but that 
it re-enters the oxidation-reduction continuum in the cell by acting as an acceptor in the 
manner suggested by Krebs (p. 274). Edson and Leloir 229) formulate this concept 
by assuming a dismutation reaction between acetoacetic acid and succinic acid yielding 
as the primary product a-ketoglutaric acid which subsequently is converted into succinic 
acid. It is difficult at present to follow this hypothesis through to the last consequences. 

According to Quastel 611), acetoacetic acid is probably largely converted to ^-hydr- 
oxybutyric acid. The latter represents about 70 per cent of the total acetone bodies in 
all types of ketoses which have been observed. 
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F. Cell Respiration. 

I. Main Respiration and Accessory Respiration. 

1) General Considerations. 

Cell respiration may be defined as the sum total of all oxidative processes in the cell 
which lead to the complete desmolysis of the metabolites and which involve the uptake 
of oxygen as well as the evolution of carbon dioxide. The bulk of the substrates of cell 
respiration is formed by sugars or their decomposition products. Consequently, the 
respiratory quotient (EQ) of most tissues approaches unity under normal conditions. 
The burning of deaminized amino acids and of fatty acids tends to lower the E Q some- 
what. Processes with a greatly different E Q do not come under the scope of cell respira- 
tion proper; but are either anoxybiontie reactions or experimentally isolated partial 
stages of oxybiosis such as pure dehydrogenations by oxygen (e.g. of succinic acid) or 
mere additions of oxygen (e.g. to unsaturated fatty acids) or the oxidative deamination of 
amino acids. All these reactions form no CO 2 and have therefore no E Q. In some instances 
where a dehydrogenation with a predominant decarboxylation is studied the EQ may 
approach the value 2. On the other hand, it has already been pointed out (p. 241) that 
the path of cell respiration is essentially characterized by the transfer of metabolie 
hydrogen; and that the production of COj is automatically coupled with this main process 
by the fact that there arise in the course of dehydrogenation certain carboxylic acids 
which are capable of decarboxylation. The latter may either occur as a pure carboxylase 
reaction or it may be bound up with a further dehydrogenation (p. 252). The basic feature 
of cell respiration, then, is an interplay between hydrogen donators and hj’drogen accep- 
tors, including oxygen, organized and regulated by a series of oxidation-reduction cata- 
lysts. 

After many detours and excursions we have returned to the concept of B-iXTEnu 
and L. Steen (see Oppenheimbe 902)) who recognized the existence of amain respira- 
tion (“Hauptatmung”) which is linked up with the structure of the cell and an acces- 
sory respiration (“Nebenatmung”) which is caused by enzymatic and non-enzymatic 
systems which may be separated from the cell. This situation has been obscured for 
some time by the controversy between Wibeand and Waeburg who postulated the 
unitary nature of cell respiration, the former recognizing only the hydrogenation of 
oxygen by the dehydrogenases and the latter attributing all purely oxidative reactions 
to one structure-linked respiratory ferment ("Sauerstoff-ubertragendes Ferment der 
Atmung”). 

The main respiration is nothing but the integerof the migration of metabolic 
hydrogen from the first donator to the terminal respiratory system. It is the respiration 
which is manifested by intact organs and tissues (also tissue slices) and which ceases soon 
after the death of the cells as well as after mechanical damage (crushing). It is blocked 
by cyanide in low concentrations (10"® M,). The “first hydrogen donator” is probably 
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a sugar decomposition product, equivalent to lactic acid or pyruvic acid, arising through 
the typical anoxybiontic, preparatory stage of fermentation (glycolysis). That there are 
certain sidepaths, such as the direct oxidation of carbohydrate via gluconic acid or of 
fatty acids, has already been noted. The sensitivity towards cyanide suggests strongly 
that this main respiration proceeds practically in its entirety through the cytochrome- 
respiratory ferment system of Warburg-Keilin (p. 41). In the instance of bakers yeast, 
this has been experimentally proved by Haas in Warburg’s laboratory (cf. Warburg 
1334)): if the respiration is to proceed completely through the hemin systems, the oxygen 
consumption, A, must be equal to the product of concentration of the hemin system, c, 
and the rate of the valency change Fe"^"^ Pe^"^ per unit time ('‘Wechselzahl”) divided 

by 4, because each valency change of the iron involves | molecule of Og per 1 Pe (2 FeO 



— PegOs). The relationship A = L c- | could be confirmed by the comparison 


of manometric and photoelectric data. 

The alternative to the main respiration is the accessory respiration which has 
been characterized by Battelli and L. Stern by the fact that it is not dependent on the 
intact structure of the cell and by its relative resistance against organic solvents and 
proteinases. These authors attributed the phenomenon of accessory respiration to the 
action of those enzymes which they were able to separate from the tissues, viz., to uri- 
case, aldehydrase, and alcohol dehydrogenase. The progress in our knowledge since that 
pioneer work requires a new definition of accessory respiration. We may say that it en- 
compasses all those oxygen consuming processes which do not involve the respiratory 
ferment. Such processes which make use of other autoxidizable systems are: 


I. Dehydrogenating Oxidations: 

1) by oxytropic dehydrogenases (e.g. Schardingeb Enzyme), 

2) via the yellow enzyme, 

3) by oxhydrases and oxidases (oxidative deamination of amino acids, proteinogen 
amines, tyrosine, uric acid), 

4) quinone catalyses by autoxidizable chromogens, 

5) secondary oxidations by H 2 O 2 

a) by direct reaction with the substrate, 

b) via peroxidases and thermostable iron systems. 

IL Non-dehydrogenating Oxidations: 

Oxidation of unsaturated fatty acids, 

a>-oxidation, opening of rings (e.g. of proline). 

One might state in general that observations made on crushed tissues or cell extracts 
are not suitable to permit an evaluation of the quantitative significance of such oxidations 
for the course of normal cell respiration. Systems which under such artificial conditions 
will catalyze independently a reaction involving atmospheric oxygen may well cooperate 
with the catalysts of main respiration in the intact cell. This is largely true for the yellow 
enzyme which may promote an oxygen uptake under ^^unphysiological conditions”, 
but which within the cell of higher animals at least will probably react preferably with 
cytochrome rather than with O 2 directly. Uricase appears to represent one of the few 
enzyme systems which react directly with oxygen in vivo and in vitro by virtue of a 
separate heavy metal component. However, the amount of oxygen consumed for the 
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oxidation of uric acid is a quantitatively insignificant fraction of the total Oj-uptake of 
the cell. The same holds probably for the primary oxidation of amino acids under 
normal conditions. If however the turnover of amino acids increases due to lack of car- 
bohydrate, the amount of 0^ thus absorbed may attain appreciable proportions since 
J O 2 is used up per 1 NEg. Such an accessory respiration with amino acids as substrate 
becomes manifest when the main respiration of tissues particularly able to deaminize 
amino acids (kidney, liver, retina) is damaged in any way. This is observed, for instance, 
upon keeping such tissues in Eingeb solution (Kisch 567)) and also when the anaerobic 
carbohydrate breakdown is interfered with by iodoacetie acid (785)). In accordance 
with the greater activity of the d-aminoacid dehydrogenases, the unnatural d-amino 
acids are faster attacked than the l-amino acids (572)). Dickens and Geeville 204) 
observed a considerable formation of ammonia in tissues (kidney, spleen, Jensen 
sarcoma, embryonic tissue) which had been depleted of glucose. With the exception of 
kidney slices, the NHg-production was inhibited by a supply of glucose and fructose 
(see however Elliott and Bakbe 246)). One will also have to consider the contribution 
to the accessory respiration made by the oxidation of the aromatic and heterocyclic 
nuclei of protein decomposition products (proline, tyrosine) and the oxidation of hista- 
mine and tyramine. Other mechanisms are indicated in the above schema. The accessory 
respiration of certain bacteria by means of dyestuffs (pyocyanine, chlororaphine) and the 
“unphysiological” respiration of facultative anaerobic bacteria via the yellow enzyme 
are related phenomena. 

2) The Cyanide-Resistant Residual Respiration. 

The complete inhibition of normal cell respiration by HON and H^S was one of 
Wabbueg’s main arguments in support of his postulate that the entire respiration is 
catalyzed by iron in the form of his hemin enzyme (1230)). One of the exceptions found 
by Wakeueg himself (1216)) was the case of the alga Chlorella: in sugar-free media 
the respiration is not affected by cyanide. Emerson 253) has subsequently shown that 
the addition of glucose increases the rate of respiration up to 20 times and that this 
“glucose respiration” is readily poisoned by HON. It is probable that in sugar-free 
solutions amino acids or fats are burned and this “accessory respiration” is not inhibited 
by cyanide, because no iron containing catalysts are involved. The cyanide-resistant 
residual respiration of algae is stimulated by methylene blue (Watanabe 1286)). The 
insensitivity of the respiration of yeast maceration juice and of facultative anaerobic 
bacteria towards cyanide is explained by the discovery of the yellow oxidation enzyme 
and of its carrier function by Wakbubg and Christian (p. 42). Since then a number of 
other organisms with a largely cyanide-resistant respiration have been described, e.g. 
Paramaecmm (396, 1054)), Colpidium (921, 931)), Planaria (162)), Nitella (1{>07)), 
Uha (1286)), Sarcina lutea (394)), Ascaris (978)), Melamplus eggs during the 
diapause (131)), and tape worm larvae (375)). All of these organisms appear to possess a 
rather atypical respiratory system. In the ease of cells and tissues with a “normal” 
respiration involving the burning of sugar, such as liver, kidney, top yeast, Aceto- 
baoter, etc. hardly any cyanide-resistant residual respiration is observed. It is only 
when the cells are damaged in some way or when instead of sugar other metabolites are 
burned that such a residual respiration appears. The appreciable HCN-resistant residual 
respiration found by Dekon and Elliott 213) was caused by their working with phos- 
phate-BiNGEB media. Alt 20) and Wasbueg 1230) showed that the same tissues (rat liver 
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and kidney) which in the presence of phosphate had a residual respiration of 38 per cent 
had practically none (1 to 4 per cent) when examined in bicarbonate solution. An ex- 
ception is retina the respiration of which is entirely unaffected by HON in bicarbonate- 
Eingbr, only the Pasteur reaction being inhibited (Laser W5b)). The results of Field 
333) and of Stare and Elvbhjem 1065) who found a residual respiration of 13 to 60 
per cent in various tissues are probably also due to the use of phosphate. The harmful 
effect of phosphate on tissues has been confirmed by van Hetningbn481) for the range 
of higher concentrations. According to this author 10" ^ M. phosphate has practically 
no effect. Several workers (Banga et al. 66), Kisch 569), Torres 1184), Engelhardt 
354)) found a residual respiration varying with the nature of the tissue and of the time 
lapsed between the death of the animal and the experiment. Their findings might perhaps 
be explained by assuming that the objects studied had suffered more or less damage 
before or during the experiment. The importance of the type of substrate oxidized has 
already been stressed in connection with this phenomenon. 

The cyanide-resistant residual respiration is not identical with the acces- 
sory respiration. This is due to the fact that HCN poisons not only the respiratory 
ferment but also enzymes like uricase, peroxidase, heavy metal-containing oxidases, 
which play an important role in the accessory respiration. On the other hand, in 
the presence of HON certain reactions not belonging to the accessory respiration but 
ordinarily suppressed during the normal main respiration are accentuated, e.g. oxygen 
transfer via oxytropic dehydrogenases and the yellow enzyme. 

II. The Intermediary Catalysts (Mesocatalysts). 

1) General. 

The problem of prime importance in the field of cellular respiration is the elucidation 
of the nature and the sequence of the individual steps through which the metabolic 
hydrogen passes from the first donator on its way to the terminal respiratory system and 
thus to ultimate oxidation. In dealing with this problem we have to distinguish between 
the main respiration, comprising essentially the combustion of sugar breakdown products 
by the hemin system, and the independent accessory respiration. Let us first sketch the 
main respiration after making certain simplif 3 dng assumptions. One of these is that the 
terminal oxidation is not complicated by the fact that the oxygen is first reduced to 
hydrogen peroxide and that the further reduction of the latter is possibly accomplished 
by a special mechanism. Furthermore, it shall be assumed that the preparatory anoxy- 
biosis is aheady completed, in other words, that pyruvic acid or acetaldehyde are al- 
ready available as substrates of oxybiosis, instead of being stabilized to the end products 
of fermentation, lactic acid and ethyl alcohol respectively. Finally, the pyridine cofer- 
ment involved in fermentation is assumed to exist in the reduced form. The first catalyst 
of oxybiosis is probably a yellow ferment (flavoprotein) in the oxidized form. It dehydro- 
genates the pyridine enzyme and hands on the hydrogen to the cytochrome system(p. 41). 
Let us consider acetaldehyde as the first donator of oxybiosis. The next accep- 
tor is acetaldehydrase which in the oxidized form reacts with the aldehyde to form acetic 
acid. It is not certain which substance acts as the acceptor for the dehydrogenation of 
acetic acid. According to Ebichel 966) the acceptor may be a yellow ferment but this 
is not proven. According to Szbnt-Gyorgyi (p. 268), the fumaric acid system enters the 
picture at this stage, or more correctly, at the equivalent stage of pyruvic acid. If we 



262 


EBAOTIONS VSTTH MOLBOTJLAR OXYGEN 


now insert pyruvic acid into this schema, this substance may also function directly as a 
donator (Keebs-Lipmann) : An enzyme system related to aldehydrase catalyzes a dehy- 
drogenation or a dismutation of pyruvic acid resulting in the formation of acetic acid 
+ GO 2 or lactic -f acetic acid + CO 2 respectively. The lactic acid reverts to p 5 rruvic acid 
through the action of lactic dehydrogenase with the aid of an as yet unknown acceptor 
which might he a hemin system. From here on it is only possible to enumerate the in- 
dividual stages of breakdown without being able to assign specific acceptors to the 
various dehydrogenase-substrate systems. 

Eeactions with Molecular Oxygen: 

The inability to place the subsequent catalysts of oxybiosis in their correct order is 
intimately connected with the problem concerning the stage of oxybiosis at which the 
molecular oxygen enters the picture as a chemical reactant. Theoretically^ speaking this 
could be the case at any link in the respiratory chain of cataiy'sts and intermediates which 
represents an autoxidizable redox system. The fact, however, that in cells, respiring in 
the normal way at the expense of carbohydrate, practically the entire m a i n r e s p i r a t i 0 n 
is blocked by HON supports the view of Wasbueg that the whole of the metabolic 
hydrogen reaches the respiratory ferment (cytochrome oxidase) as the last acceptor and 
that the sole function of the oxygen consists in the dehydrogenation of the ferrous form 
of the hemin enzyme. In other words, it appears that even in oxybiosis all of the inter- 
mediary catalysts of main respiration, including the cytochromes, operate "anaero- 
bically” even if they are autoxidizable. Perhaps the most pertinent example is that of 
the yellow enzyme. In isolated form it is readily autoxidizable. Under the conditions of 
normal cell respiration, however, it is largely if not entirely dehydrogenated by cyto- 
chrome or other acceptors instead of molecular oxygen (p. 266). Theorell 1158) has 
shown that this is simply a matter of rates of reaction: the reduced flavin enzyme is 
much more rapidly reoxidized by ferricytoohrome c than by oxygen at the tensions 
prevailing in the living cell (approx. 40 mm. partial pressure). Even oxytropic dehydroge- 
nase systems such as the Schardingbk system may, in vivo, utilize other acceptors 
than oxygen, e.g. the yellow enzyme. The dependence of the important dehydrogenase 
systems (e.g. succinic or lactic dehydrogenase) on the presence of "oxidases” is 
well known. 

Oxybiosis and reaction with molecular oxygen are, therefore, no longer synonymous 
terms. Oxybiosis is meant to designate a biological phenomenon as const rast ed to' ‘ fer- 
mentation” or stabilized anoxybiosis. But it is now evident that the normal oxybiosis of 
main respiration incorporates by necessity anaerobic individual reactions and only 
one aerobic process, namely, the reoxidation of the reduced form of the respiratory 
ferment by molecular oxygen. According to this terminology the logical way to apply the 
terms “anaerobic” and "aerobic” is the consideration whether oxygen is actually invol- 
ved as a chemical reactant in the individual process in question. The mere presence of 
oxygen no longer appears to constitute a sufficient criterion. 

What has been said about the main respiration, of course does not apply to the ac- 
cessory respiration which has actually been defined as the sum of those processes 
not involving the terminal hemin system. Here molecular oxygen will probably intervene 
indiscriminately where ever an autoxidizable system exists. 

If the terminal respiratory system is either lacking or has been put out of commission 
by mechanical or chemical damage, the chain of oxybiosis shrinks to a small number of 
links, because the higher steps leading to the cytochrome system can no longer be dehy- 
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drogenated. In that event the yellow enzyme becomes probably the only coupling link 
between the anaerobic reactions and the molecular oxygen. 

2) The Function of the Mesocatalysts. 

When considering the contribution of the carrier systems or intermediary catalysts 
to respiration we have to make a sharp distinction between the phenomena of main and 
of accessory respiration. If it is agreed that the main respiration proceeds entirely via the 
terminal hemin system and in view of the fact taht the latter, according to Waebueo, 
is able to deal with any amount of metabolic hydrogen offered to it, the sole function 
of the carrier systems can consist only in a speeding up of terminal oxidation, but 
not in an increase of the total turnover of substrate. In the accessory respiration, on 
the other hand, the intermediary catalysts may control the volume of the process. 

The acceleration of main respiration by the complex system of carriers present in 
the cell may be due to two different mechanisms one of which is a matter of reaction 
kinetics, whereas the second is topochemical in nature. It has been pointed out on several 
occasions in this monograph (especially on p. 90) that the rate of an acceptor reaction 
depends on the difference in potential in such a manner that too great a difference in 
the redox potential may slow up either the reduction of the oxidized form of a catalyst 
or the oxidation of its reduced form by the next higher redox system. Inasmuch as the 
slowest step determines the rate of the over-all process, maximum velocity of the latter 
can be expected only if the two interacting redox systems are not too far apart with 
regard to their normal potentials. Unless a favorable relationship exists between the two 
oxidized and the two reduced forms concerned, one of the two phases of the reaction, 
viz. the reduction of the catalyst or the dehydrogenation of the substrate, will be impeded 
(Miohaelis 804) p. 146)). The importance of the intermediary catalysts for the 
bridging of the potential gap between metabolites and oxidation system is also stressed 
by SzENT-GYGEaYi:1122). 

It may well be that the main task of the yellow enzymes and of the three cytochromes 
consists in providing a finely graded ‘'potential ladder” from the negative region of 
the hydrogen activating systems to the positive potential of oxygen. 

In this connection, a thought of Waebueo 1234) may be mentioned. He sees in the 
subdivision of the terminal oxidation system into four steps (3 cytochrome components 
and the respiratory ferment) a measure to guarantee the maximum efficiency of the 
system. The efficiency of cell respiration is due to its maintenance at an almost constant 
level: it is independent of the Og-tension as well as of the substrate concentration within 
wide limits. The independence from Og-concentration is assured by the rapid reoxidation 
of the respiratory ferment which keeps it almost completely in the ferric form and thus 
maximally active even at a low Og-tension. If the ferric form of the enzyme were to react 
directly with the substrate the rate of its reduction would depend on the substrate con- 
centration. In order to avoid a possible delay on this score, the cytochrome system inter- 
poses itself between the enzyme and the substrate. Inasmuch as the cytochrome system 
is maintained essentially in the ferrous form during respiration, the reduction of the 
hemin enzyme by cytochrome is also effected at the optimum rate. The cytochrome system 
in turn is kept reduced by the substrate-dehydrogenase systems. 

The other mechanism capable of explaining the function of the intermediary cata- 
lysts is one which takes the names “carrier’^ and hydrogen “transport” literally. When 
Thunbeeo coined the term “hydrogen transport”, he visualized a transport through 
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space ' rather than through a series of reaction steps. This concept has been adopted and 
refined by Wxjemseb 1364, p. 349), Rapkinb and Wurmsbr 963), Borsook 138, ISa) 
and other workers. There is no doubt that the individual reactions take place at different 
' locations within the cell. Dehydrogenations, for example, may occur at any place in the 
microheterogeneous system of cytoplasm with the aid of the freely diffusible carriers. 
The terminal oxidation of main respiration, on the other hand, is restricted entirely to 
the "iron centers’’ which are catalytically active "patches” embedded at certain points 
of the cell surface and interfaces. The terminal oxidation becomes thus a locally defined 
t op 0 chemical reaction of the type of a heterogeneous catalysis. If this picture is 
correct, the metabolic hydrogen has to be literally transported to these iron centers. This 
carrier function is executed by the intermediary catalysts which are at the same time 
freely mobile and able to combine reversibly with the metabolic hydrogen. In this 
manner, two "incomplete enzyme centers” are supplemented to form a complete and 
active system (Borsook) ***). 

This concept is amenable to further elaboration: Quastel 962) assumes that the 
catalysts of anoxytropic dehydrogenations, too, are partly fixed at surfaces. If this is 
true, the carrier function of the intermediary catalysts assumes an even greater impor- 
tance: These mobile redox systems (dyestuffs, metabolites, etc.) would then transport 
hydrogen not only from a fixed dehydrogenase to the iron centers but also from dehydro- 
genase to dehydrogenase. The finding of Borsook 136) that a suitable dye will cause a 
transfer of hydrogen from the system formic acid + formic dehydrogenase to pyruvic acid 
or from lactic acid to fumaric acid in the presence of toluene-treated resting B. coli may be 
explained in this manner. 

Euler and Abler 10) and Green and Dbwan 199) have recently gone even further: 
They report that specific proteins are required for the hydrogenation as well as the de- 
hydrogenation of diphosphopyridine nucleotide (cozymase). The^- suggest that the coen- 
zyme shuttles back and forth between these bearer proteins. Green and Dewan 199) 
depict the oxidation in animal tissues as being catalyzed by a series of immobile centers 
such as the respiratory ferment, cytochrome a and b, the coenzjme factor (or diapho- 
rase), etc., and a number of freely mobile carriers such as the pyridine eoenzyme and 
cytochrome c. 

The subdivision of active enzymatic oxidation systems into homogeneously dissol- 
ved "activators” and into large "granules” which may be separated out by centrifuging 
and which are indispensable for the catalysis has been reported by a niimber of workers, 
e.g. Euler and Hellstrom 394), Green and Dewan 199), Banga 63), Gbeville420), 

, , *) The h3rpoth,esis. of the anchoring of -the respiratory ferment to the architecture of the cell 
has been developed by Warburg to explain why all attempts to obtain the ferment or rather a normal 
respiration in homogeneous solution have met with failure. The usual oxidase preparations are 
either minced and washed tissues or turbid suspensions obtained from them by treatment wltli al- 
kaline phosphate. The loss of oxidase activity of such extracts upon clarification shows that the active 
principle or principles are contained in the suspended particles. The assumption has been made ex- 
plicitly and implicitly that the latter represent fragments of the cell with no defined or uniform struc- 
ture. Heart muscle oxidase preparations of this kind have now been subjected to fractional ultra- 
centrifugation (Stern, Horwitt and Soheff, unpublished). It was found that the enzymatic activity 
(cytochrome oxidase, cytochrome a and fo, succinic dehydrogenase), Is contained in that fraction which 
is sedimented at the lowest speed selected (60 r.p.s.). Measurements in the analytical ultracentrifuge 
indicate a sedimentation constant of approximately 600 x 10"“ and a surprising degree of homo- 
dispersity. It does not appear impossible that these particles are large protein moIecul« or |)artic!e.s 
containing the various active centers in a well-defined spatial arrangement on their surface. 

K. G. Stern. 
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These findings may readily be explained on the basis of the “center-carrier” concept 
discussed above. 

3) Place ol Individual Mesoeatalysts in Desmolysis. 

In order to obtain full insight into cell respiration as a series of chemical reaction 
steps we would have to find out which intermediary catalysts of enzymatic or non- 
enzymatic nature are involved in passing the metabolic hydrogen from the substrate on 
to the fh’st cytochrome component and the order in which these coupling links are arranged. 
Such an insight is at present little more than a hope. We do know, however, a part of the 
chemistry of oxybiosis with regard to the individual stages of breakdown. It is the well- 
known schema: acetic acid — succinic acid — fumaric acid — mahc acid — oxaloacetic 
acid — pyruvic acid and acetaldehyde respectively (But see the opposing views of 
Szbnt-Gyoegyi (p. 268)). We also know most of the specific dehydrogenases concerned, 
e.g. acetaldehydrase, pyruvic dehydrogenase, succinic dehydrogenase, malic dehydroge- 
nase, etc. Only the acetic dehydrogenase is not yet defined as an individual enzyme. If 
we accept the latter as a reality, the path of the metabolic hydrogen would lead from 
acetaldehyde over the following oxidation-reduction systems: Acetaldehydrase, acetic 
acid 5 ± acetic dehydrogenase succinic acid, succinic acid succinic dehydrogenase 
fumaric acid, malic acid malic dehydrogenase oxaloacetic acid. The further change 
is carboxylatic in nature. If this simple schema would hold, it would mean that the system 
malic acid + dehydrogenase would be the redox system closest to cytochrome. Actually 
we are still ignorant of the nature of the coupling link with the cytochrome system 
and generally of the exact nature of the acceptors responsible for the dehydrogenation 
of the reduced form of the dehydrogenases. It is not even known whether the cytochrome 
component concluding the chain Og -> respiratory ferment -> cytochrome (a)— >- cyto- 
chrome (c)-> cytochrome (b) has an absolute specificity for one metabolite-dehydrogenase 
system just as the respiratory ferment (cytochrome oxidase) represents a specific dehy- 
drogenase of cytochrome, or whether it may react with several systems in vivo just 
as it is reduced in vitro by mahc acid -j- mahc dehydrogenase, succinic acid -f- succinic 
dehydrogenase and acetaldehyde -|- acetaldehydrase (Bigwood 115)). There is, further- 
more, the possibility that the cytochrome system does not interact directly with a redox 
system of the type formed by intermediary metabolites and their corresponding dehydro- 
genases, but only through the medium of another intermediary catalyst which is of a 
different nature. We know three such carriers, e.g. the yellow enzyme, ascorbic acid and 
glutathione. Of these three the only one about which specific and pertinent information 
in this respect is available is the yellow enzyme. Its interaction with cytochrome has 
been studied by Theobbll 1158). At least one of the sources is known from which the 
yellow enzyme accepts hydrogen. It may act as the dehydrogenase of the pyridine en- 
zymes (p. 212). While this mechanism has undoubtedly great importance for the meta- 
bolism of microorganisms like yeast, Gebbn and Dewan 199) claim that in the tissues 
of higher animals this function of the yellow enzyme is taken over by the “coenzyme factor” 
(Euler’s diaphorase) (p. 226)*) . The reaction Dihydropyridine + Flavoprotein Pyridine 

-j- Leucoflavoprotein appears to be a reversible one under certain circumstances. The 
flavin enzyme might therefore play some r61e in fermentation in addition to its function 
in oxybiosis where, at least in yeast, it is instrumental in coupling the anoxybiontic 
preparatory stages with the system of terminal oxidation. The enzyme is qualified for 
the function of an important intermediary catalyst of oxybiosis by the fact that it is 
*) Diaphorase has now been shovui to be also an aUoxazine protein (see Footnote, p. 227). 
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aiitoxidizable and that it is also dehydrogenated by cytochrome c (Theoebll 1159 ))* 
Whether the enzyme will react in vivo with molecular oxygen or with the hem in system 
(provided the latter is available) depends largely on the partial pressure of oxygei. 

Models demonstrating catalysis by the yellow enzjane and regeneration of the active 
form by autoxidation are the Waebueo-Chkistian system (hexosemonophosphate- 
dehydrogenase (carrier protein 4- codehydrogenase Ilj — yellow enzyme — Og) and the 
analogous Eulbk- Adler 6a) system (Alcohol — alcohol dehydrogenase — yellow en- 
— Og). In hemin-free cells, too, e.g. in facultative anaerobic lactic acid bacteria, 
the 'respiration’’ is catalyzed by the yellow ferment which establishes direct contact 
with molecular oxygen (Warburg 1234)). 

If normally respiring cells, e.g. bakers yeast or acetic acid bacteria, are poisoned by 
HON, it can be shown by photoelectric methods (Warburg 1234)) that the yellow 
enzyme dehydrogenates its substrate and is in turn reoxidized by O 2 . This does not prove, 
however, that the yellow enzyme, under normal conditions, functions independently of 
the hemin system. On the contrary, the reoxiclation of the fiavoprotein is normally 
accomplished by the terminal oxidation system (Theorell 1158)). If the lattc^r is 
blocked, the yellow ferment is forced to react directly with molecular oxygen. Since this 
reaction is relatively slow at the Og-pressure obtaining within the cell, the cyanide 
resistant residual respiration amounts to only a small fraction of the full hernin respiration 
(0.5 per cent in bakers yeast and 0.1 per cent in acetic acid bacteria). The low efficiency 
of the "yellow enzyme respiration” is best demonstrated in the case of the hemin-free 
lactic acid bacteria. Here, 1 fiavoprotein molecule transfers only 100 Og-molecules per 
minute, or, in terms of the actual experiment, 1 cc. of cells absorbs only 1 ce. O 2 per 
minute. For this result the pigment is reduced and oxidized 30 times per minute ("Wech- 
selzahl”). Inasmuch as the reduction is a rapid reaction, the limiting step is the reoxi- 
dation by O 2 which is relatively slow due to the low affinity of the enzyme for oxygen. 

Another indication that the yellow enzyme may partly substitute for the hemin 
system in emergencies may be seen in the results of Pbtt 925a) who finds that the flavin 
concentration in yeast increases, if cyanide is added to the culture medium; whereas it 
decreases if the normal respiration is stimulated. 

In normally respiring cells there is a certain competition between the hemin system 
and the yellow enzyme for the oxygen. Due to its far greater 02-affinitj the respiratory 
ferment wins. Theorell 1169) has shown that at a partial oxygen pressure of 88 mm 
about 80 per cent of the oxygen will go through the cytochrome^ oxidase-cytochrome 
channel. Inasmuch as the Og tension in the cell is probably still lower, it may be aeci^pted 
that under normal physiological conditions practically the entire reoxi<latioii of tin} di- 
hydroform of the yellow enzyme is accomplished by the hemin apparatus. According 
to the measurements of Haas (cl Theorell 1168)) the "Wechselzahl” of tlie yellow 
enzyme would have to be 4800 in bakers yeast and 19,000 in B, pasteurianum, in- 
stead of 30, if the whole respiration were to proceed via the fiavoprotein. Even in pure 
oxygen at 88"^, the "Wechselzahl” of the pure ferment is only 55 (Theobbll 1114)). 
Inasmuch as the reoxidation of the yellow ferment by cytochrome is also far from being 
a rapid reaction, Theorell 1161) concludes that the fraction of total respiration invol- 
ving the enzyme as a carrier between dehydrogenase systems and cytochrome is hardly 
greater than the cyanide resistant residual respiration. This would mean that the yellow 
enzyme, at best, fulfills a highly specialized rSle in normal cell respiration by coupling 
certain early oxidative stages, perhaps those catalyzed by pyridine enzymes, directly 
with the terminal respiratory complex. It is, of course, quite possible that the yellow 
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enzyme not only transfers hydrogen to cytochrome but that it may also react with other 
acceptors, e.g. fumaric acid. 

There is little to say at the present time about the function of glutathione as 
an intermediary catalyst and about its relation to cytochrome or any other component 
of the respiratory chain. It is true that ferricytochrome is rapidly reduced, in vitro, 
by SH-glutathione (Biowooi) 118)), but this is not enough to prove the actual physiolo- 
gical function of glutathione. It is puzzling that in the living cell the glutathione is pre- 
sent practically entirely in the reduced form (Biebich et al 113)). If the tripeptide should 
be able to transfer metabolic hydrogen, e.g. to cytochrome, it must he so rapidly reduced 
by more negative sysl^ems that the equilibrium is always shifted far to the side of the 
thiol form. The addition of glutathione to living cells has failed to provide much useful 
information: the respiration of yeast or of animal tissues is affected neither by SH-glu- 
tathione nor by SS-glutathione. Most tissues, e.g. liver, brain, erythrocytes, sarcoma 
cells, keep glutathione in the reduced state. Kidney will oxidize slowly both glutathione 
and cysteine (Kosenthal and Voegtlin 1005)). According to the findings of Elliott 
240), it is improbable that glutathione acts as a carrier between the succinic dehydroge- 
nase and the cytochrome system. Ogston and Green 895) find hardly any interaction 
between the succinic acid + succinic dehydrogenase system and glutathione. Taken all 
together, we are unable to assign a place to this much discussed peptide in the framework 
of cell respiration. It may be, that, after all, it exerts no general but only certain special 
functions, such as regulation of protein metabolism through interaction with the sulfur 
containing groups in cathepsin (WALDSCHMinT-LEiTz) or a possible function in the 
Pasteur-Meyerhof reaction (p. 98) due to its action as ‘^coferment*' of the ketonealde- 
hyde mutase (glyoxalase). It may also remove traces of heavy metals by forming com- 
plexes with them and thus prevent them from oxidizing other important substances; 
or H2O2 might be "detoxified’' by the dehydrogenation of SH-glutathione (Potita 383)). 
One might also mention the recent observations of Tait and King 1128) according to 
which glutathione catalyzes the oxidation of phosphatides in vitro. In general it may 
be stated that the difficulty with regard to the role of glutathione is no longer the question 
of its reduction by metabolic systems but rather that of its rapid reoxidation for the pur- 
poses of an oxidative catalysis (cf. Ogston and Green 896)). 

Still less is definitely known about the function of ascorbic acid. At one time 
Szent-Gyorgyi 1119) postulated a direct oxidation of metabolites by a system con- 
sisting of ascorbic acid and a specific oxidase. While such a concept is no longer tenable 
and has even been abandoned by Szbnt-Gyoegyi for the case of animal tissues, it is 
quite possible that ascorbic acid and its oxidase constitute an important oxidation 
system in plants. The existence of ascorbic oxidase as a specific enzyme is more or less 
generally accepted. Since its original discovery by Szent-Gyorgyi, it has been encoun- 
tered by Zilva 1382) and several other workers, e.g. Tauber. Johnson and Zilva 606) 
have been able to differentiate between the enzymatic oxidation of ascorbic acid and 
that of a quinone catalysis where the vitamin is oxidized in a secondary reaction by the 
oxidized form of certain phenols, while the reduced form of the phenols is reoxidized 
either peroxidatically or by polyphenol oxidase. Ascorbic acid oxidase is a typical, 
oxytropic dehydrogenase and is stated to be cyanide resistant, although the presence of 
copper in the molecule is strongly indicated. The steric specificity of the catalyst (only 
J-ascorbic acid is attacked) supports the idea of a specific enzyme rather than that of an 
unspecific heavy metal catalyst (Rosenberg 1003)). For details see Oppenheimee’s 
^Supplement” p. 1588. 
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4) Fumarie Acid Catalysis *). 

Deyelopment of Szent-Gyoeoyi’s Theory: 

One of the facts which induced Szbnt-Gyoegyi to investigate the general impor- 
tance of succinic and other 04-dicarboxyIic acids for cellular respiration was 
the observation that of all dehydrogenase systems examined only succinic dehy- 
drogenase + succinic acid will rapidly reduce ferricytochroine c. Whereas lactic 
dehydrogenase -f- lactic acid can readily reduce dyestuffs of the type of methylene blue, 
this system cannot react with ferricytochrome. Ogston and Green 895) find that of 
eleven donator-dehydrogenase systems studied only the succinic system will reduce 
cytochrome. Inasmuch as it is generally accepted that in cellular respiration the cyto- 
chrome oxidase-cytochrome (or Warburg-Keilin) system brings about the terminal 
oxidation of the various metabolites the hydrogen of which has been ''activated"* or 
labilized by specific dehydrogenases, Szent-Gyorgyi began his search for the missing 
link between the dehydrogenases on the one hand and the IfYARBUBG-KEiLiN system 
on the other hand. The possibility suggested itself that succinic acid in conjunction with 
its dehydrogenase acts as this catalytic hydrogen carrier. The following facts support 
this hypothesis: Succinic dehydrogenase, the enzyme capable of catalyzing tlie rapid 
dehydrogenation of succinic acid to fumaric acid by suitable redox systems, e.g. ferri- 
cytochrome, is present in all animal tissues and also in yeast and bacteria. The addition 
of fumaric acid to tissues has long been known to increase their respiration (Thuxberg, 
GBONWALL, etc.). Gozsy and Szent-Gyorgyi 404a) showed that this effect is cataljT-ic 
in nature, since the addition of small amounts of fumaric acid to minced pigeons breast 
muscle will increase the respiration without being used up itself. The effect of the fuma- 
rate actually is not so much an increase in rate of respiration, but a "stabilization** of the 
respiratory rate: the addition of fumarate to muscle in vitro prevents the falling off of the 
oxygen uptake usually observed after about 30 mins, and also the simultaneous de- 
crease of the respiratory quotient from unity to 0.8 (Bang a 11S6)). Finally, the res- 
piration is strongly inhibited by malonic acid which had previous!}^ been shown to poison 
succinic dehydrogenase, allegedly, in a specific manner (Quastel et al. 943, 953)). The 
presence of an excess of fumaric acid, however, renders the tissue insensitive towards 
malonate (Banga 1136)). This and another fact appeared to militate against the 
simplest hypothesis, viz. that the succinic acid-dehydrogenase-fiimaric acid system alone 
fills the gap between the Wabburg-Keilin system and the metabolites of the cell 
The other fact is the presence of an active enzyme, called fumarase, in all cells which 
catalyzes the hydratation of fumaric acid to malic acid in a perfectly reversible manner. 
The function of this ubiquiteous catalyst would be left unexplained by the simple hypo- 
thesis. As a matter of fact, the rapid transformation of fumaric acid into malic acid by 
this enzyme should interefere with the catalytic role of the succinic-fumaric cycle. In- 
cidentally, Das 194), working in Szent-Oyorgyi’s laboratory, has since shown that the 
relief of the malonate inhibition of respiration by fumaric acid does not rule out the simple 
succinic acid hypothesis: Malonate may compete successfully with succinic acid liut not 
with fumaric acid for the active center of succinic acid dehydrogenase. Once fiiiimric 
acid has been attached to this center it may accept hydrogen atoms from other meta- 
bolites and hand them on to cytochrome without interference by malonic acid. Only 


*) The results and interpretations of Szent-GvOegyi up to August, 19B7, are summed up in 

his excellent review in the Acta Med. Szeged 1125 } which has also been published in book form* 



FUMABIC ACID CATALYSIS 


269 


those molecules leaving the enzyme surface in the form of succinic acid will be prevented 
from further interaction with the enzyme by the inhibitor. This slow, secondary process 
loses much of its importance in the presence of added fumaric acid. SzENT-GvoRayi 
initiated a search for other 04 -'dicarboxylic acids, representing a higher state of oxidation 
as compared with succinic and fumaric acid, which might act as hydrogen transmitters 
to the Warbubg-Keilin system. Banga and Laki (Lc. 1126)) showed that such C 4 - 
acids of higher degree of oxidation could be represented by the fumaric-hydroxyfumaric 
acid system. The enzyme active here wmuld be a fumaric dehydrogenase. The hydr- 
oxyfumarxc acid is unstable and is assumed to undergo a molecular rearrangement to 
oxaloacetic acid. Now muscle contains an enzyme system which will change fumaric 
acid rapidly into oxaloacetic acid. Green 416) held the view that the enzyme acts on 
nialate which arises through thehydratationof fumarate by fumarase andnot onfumarate 
directly. Laki 693) proved the view of GREEisf to be correct. Consequently, the system 
fumaric-hydroxyfumaric acid is to be replaced by the system malic-oxaloacetic acid. 
The function of the fumarase 'would consist in the provision of malic acid from fumaric 
acid, the equilibrium concentration in the presence of the enzyme being 3 : 1 in favor of 
malic acid. Banga 1126) demonstrated that malate is oxidized to oxaloacetate by 
the muscle enzyme at a rate comparable to the rate of total respiration. On the other 
hand, oxaloacetate was rapidly reduced when added to the tissue. According to Szbnt- 
Gyobgyi 1126), oxaloacetate represents the physiological H acceptor and a determina- 
tion of the amount of oxaloacetate reduced to malate by a tissue is a true measure of the 
amount of metabolic hydrogen activated in the tissue. Hcwever, it was evident that a 
simple substitution of the malie-oxaloaeetie acid system for the original succinic-fumaric 
acid system in the schema of cell respiration was equally insufficient to take into account 
ail the facts known about the importance of 04 -dicarboxylic acids for cell respiration. Of 
the three most important facts, viz., the existence of succinic dehydrogenase, the exis- 
tence of fumarase, and the rapid reduction of oxaloacetate by tissues, the succinate- 
fumarate theory can explain only the first and the malate-oxaloacetate hypothesis only 
the last, while the existence of fumarase is not sufficiently explained by either hypothesis. 
This state of affairs led Szent-Gycrgyi to his "'united” theory which attempts to fill the 
gap in the respiratory chain by assuming a cooperation of both systems; 
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This schema would furnish an adequate explanation for the existence of fumarase 
which would have the function to maintain a proper balance between the concentrations 
of the various C 4 -acids. The scheme, furthermore, is thermodynamically possible: The nor- 
mal oxidation-reduction potential of the malate-oxaloacetate system is E'^ =* — 0.169 V. 
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at ph 7 and 37° (Laki 693)) and that of the suecinate-fumarate system is E'^ = — 0.018 V. 
at ph 7.2 and 37° (Lehmann 708)). The malate-oxaloacetate system should, therefore, 
he able to reduce the suecinate-fumarate system. Geben 416) was able to show that such 
an interaction will actually occur provided that an electroactive coupling link or H 
carrier is present. Steaub 1106) finds that malate will reduce cytochrome only via the 
fumarate-succinate system. The hydrogen coming from other donators may reach 
cytochrome only by the double system of hydrogen transfer indicated above. 

Although Banga 64) washed her preparations containing the succinic and malic 
dehydrogenase extensively, they were still able to transfer hydrogen from donator sys- 
tems to the cytochrome. This is due to the fact that the enzyme preparation retains 
tenaciously traces of the 04-acids which suffice for the purpose of the catalysis. Szbnt- 
Gyoegyi 1125) concludes from this observation that the enzymes do not utilize the en- 
tire amount of C4-acids present in the tissues for the catalytic H transfer but only a 



Fig. 17. Schema of Cell Bespiration according to SzENr-GYSBOYi 1125). The semicircle represents 
a granule of the muscle cell. The picture is somewhat simplified by not writing the three cytociiromes 

in aeries. 

few molecules which are rather firmly attached to the enzyme surface in an activated 
condition. He actually goes so far as to designate these C4-acid molecules as prosthetic 
groups of the enzymes in question. In this terminology, succinic dehydrogenase, when 
dialyzed free from all traces of succinic and fumaric acid, would represent a specific 
bearer protein requiring some succinic or fumaric acid for the formation of the active 
enzyme complex. 

Eeeently, Szbnt-Gy6bgti and his collaborators have extended their analysis of 
the chain of respiratory catalysts. The aqueous, turbid extracts obtained by treating 
pigeon breast muscle with water exhibit a respiration of the same order as that of the 
whole muscle. The turbidity of the fluid is caused by the presence of microscopic granulae 
which can be separated in the centrifuge and which contain the Wabbueq-Keilin 
(cytochrome oxidase-cytochrome) system, succinic and malic dehydrogenase. Neither 
these granules nor the remaining dear fluid show any appreciable oxj’-gen consumption. 
By remixing, however, the original respiration is restored. It was found that the clear 
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fluid contains, in addition to donators and coenzymes, a thermolabile substance of pro- 
tein nature wMcli is necessary for the oxygen uptake of the entire system (Banga 63)). 
Banoa 63) could show that the donator present in the clear fluid is hexosemono- and 
diphosphate. Experiments by Laki, Gozsy and by Moeuzzi indicate that hexosephos- 
phate is not dehydrogenated as such but that it is split into triosephosphate prior to 
dehydrogenation. The protein present in the clear tissue fluid appears to be the bearer 
protein of the triosephosphoric acid dehydrogenase. For its functioning cozymase is 
required (Steaub, quoted by Szent-Oyoegyi 1125)). When an attempt was made to 
reconstruct the whole system by mixing the microscopic granules, containing the War- 
burg-Keilin system and the dehydrogenases, with coenzymes, fumaric acid, donator 
and the thermolabile activator, the ensuing oxygen uptake does not usually reach the 
level obtained in normal respiration. This was ascribed to the lack of sufficient amounts 
of an electroactive carrier connecting some of the active centers embedded in the surface 
of the granules. In the instance of the cytochrome oxidase and succinic dehydrogenase 
centers cytochrome c fulfills this role. It was found that the lack in ‘"contact” was be- 
tween the succinic dehydrogenase and the malic dehydrogenase centers and that it 
may be remedied by adding some yellow enzyme. The redox potential of this soluble 
enzyme, E'^ = - — 0.060 V. at ph 7 and 38° {Kuhn and Boulanger 636)) makes it a 
suitable carrier between the two dehydrogenases. It can be shown that the yellow enzyme 
is actually reduced by the malate system and that it is oxidized by fumarate activated 
by succinic acid dehydrogenase (Laki 691)). The complete system which shows a rapid 
oxygen uptake, is represented by the schema in Fig. 17 (Prom Szbnt-Gyorgyi 1125)). 

Applicabilitjr of the Theory to other Tissues and Donators: 

The theory of Szent-Gyoegyi was worked out with minced breast muscle of the 
pigeon as the biological material. The respiratory quotient of muscle (just as that of brain) 
is close to unity and thus indicative of a pure carbohydrate combustion. F. J. Stare 
1064b) finds that the 04 -cycle operates also in minced kidney and liver tissue. This is 
borne out by model experiments with dyes (Straub 1106)). Greville 419) reports that 
the pure carbohydrate respiration of brain cortex and retina tissue is inhibited by malo- 
nate, but that fumarate will only partially relieve this inhibition. Eespiration artificially 
accelerated by dinitro-o-cresol in brain cortex and tumor tissue is strongly inhibited by 
malonate, whereas that produced in tumor tissue by a redox indicator was not. He points 
out that observations made on malonate inhibition cannot confirm any particular theory, 
since the effect of malonate is not strictly specific. The same author (Greville 420)) 
was able to confirm many of the original observations of Szent-Gyorgyi and his asso- 
ciates with regard to the effect of fumarate and malonate on pigeon breast muscle and 
also Banga’s findings concerning the distribution of the active system over freely 
dissolved and granular material. 

Certain tissues are deficient in the Szent-Gvorgyi (succinic-malic dehydrogenase) 
system. Boyland and Boylanb 140a) find that cancer tissue shows a very small response 
to the addition of fumarate and malonate in the same direction as muscle tissue. Banga 
(quoted by Szent-Gyorgyi 1126)) failed to observe an appreciable reduction of 
oxaloacetate or pyruvate by rapidly growing malignant tumors. Breusoh 148) confirms 
the existence of a partial disturbance in the hydrogen transport mechanism by C 4 - 
dicarboxylic acids in mouse tumor tissue (skin carcinoma of the Eoyal Cancer Institute, 
London). This tumor is unable either to form or to reduce oxaloacetic acid. The power to 
dehydrogenate succinic acid is about 20 per cent of that of normal muscle tissue. This is 
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ascribed to a deficiency in the activity of the Warbukg-Keilin system rather than in 
that of the succinic dehydrogenase present. The reversible transformation of fumaric 
acid into malic acid, on the other hand, is undisturbed in mouse tumor tissue. Contrarj^ 
to normal muscle tissue, tumor tissue is stated to be unable to desmolyse slowly C 4 -dicar- 
boxylie acids added in excess, even in presence of arsenite which in normal muscle will 
enhance this process. While the total respiration of tumor tissue is markedly increased 
by the addition of cozymase, the defect in the hydrogen transport by the Ci-dicarboxylic 
acid system is thereby not remedied. It is very interesting to note that embryonic tissue 
behaves very similar in this respect to rapidly growing malignant cells (Szent-Gyoec yi, 
I. Banga and A. Blazso (of. 1126); Bkeusce). 

Another exception is lung tissue: neither fumaric nor malic acid have an effect on 
its respiration. Succinate is also only slowly attacked due to the low activity of the 
succinic dehydrogenase present (Beeusch 149)). Oxaloacetic acid is just as slowly 
reduced as by tumor or embryonic tissue. 

The Ci-system participates also in the oxidation of substrates other than hexose- 
phosphate. For example, the reduction of methylene blue by lactate is inhibited by 
malonate in the presence of muscle enzyme. Other donators for the C 4 -systein are ethyl 
alcohol, citric acid, pyruvic acid, lactic acid. In these cases, the whole C^-system is not 
necessarily required. Certain donators with a normal potential not sufficiently negative 
to reduce oxaloacetic acid may possibly reduce only fumarate with the aid of the yellow 
enzyme. This must be so with lactic acid as donator which has the same potential as 
malic acid and cannot be expected, therefore, to reduce oxaloacetate (Laki 692)). The 
absence of malic dehydrogenase in tumor and embryonic tissue suggests that these 
tissues utilize as main donator a substance reducing fumarate but not oxaloaeeiate. 
>Experiments by Beeusch (of. Szent-Gyosgyi 1125)) suggest that lactic acid is the 
donator here. Actually, both tumor and embryonic cells will produce lactic acid in ap- 
preciable amounts. 

The O^-dicarboxylic acid system is not involved in the o.xidative deamination of 
amino acids (Das 193)). Dehydrogenases which are able to react with molecular oxygen 
directly, e.g. Schaedingbe’s enzyme, xanthine oxidase, do not depend on the C*- 
system for thehr activity. 

The question of the specificity of inhibitors in connection with the problem of the 
C 4 -dicarboxylie acid catalysis deserves further scrutiny. Leloie and Dixox 711) have 
recently tested the effect of pyrophosphate on a number of dehydrogenase systems. They 
find that this substance specifically poisons succinic dehydrogenase. This fact, when 
considered in the light of Szbnt-Gyoegyi’s theory, may well explain the strong iiihibition 
of tissue respiration by pyrophosphate. Weil-Malhbrbb 1287), on the other hand, 
points out that malonate not only inhibits succinic dehydrogenase but other deliydroge- 
nase systems as well. 

Arguments against Szent-Gyoegyi’s Theory: 

One possible argument against Szent-GySegyi’s theory has already been mentioned 
(p. 268): if succinic dehydrogenase is of vital importance for cellular respiration, then 
malonic acid which strongly inhibits this enzyme should always inhibit the oxygen 
uptake of tissues. The explanation given by Szent-Gyokgyi for the fact that this is not 
always the case, is that the 0 ^ uptake is the final result of the function of a long chain 
of individual steps. The rate of the over-all reaction is naturally linaited by the slowest 
step. Malonic acid may, therefore, be expected to interfere with the normal oxygen 
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consumption, if the hydrogen transfer by the succinic dehydrogenase is or can be made the 
limiting factor in the chain by the addition of malonate. Addition of fumarate, on the 
other hand, may only be expected to increase respiration, if the concentration of C 4 -dicar- 
boxylic acids is the limiting factor. The observation of conditions under which neither 
fumarate nor malonate will affect the rate of oxygen consumption does, consequently, 
not constitute proof against the existence of the Szent-Gyoegyi cycle. 

Another, apparently more serious, objection is that it is well known that C 4 -dicar- 
boxylic acids are intermediary products in carbohydrate metabolism and that they thus 
serve as a fuel for the cell. The inference is that substances which are irreversibly broken 
down by the cell cannot be considered to be true catalysts. Now it is true that fumarate 
when added to tissues in large amounts is burned (Thunberg) and that this process has 
a respiratory quotient above unity (Gronwall) which indicates irreversible combustion 
of the fumarate. Innes 500a) reports a rapid oxidation of fumaric acid by muscle via 
malic acid. She finds the extra oxygen uptake accounted for by the amount of fumarate 
added and therefore does not concede a catalytic effect of this substance. Succinic acid 
w^hen fed to animals is not excreted (Plaschbntraegbr) and is thus probably burned. 
Szent-Gyobgyi, while confirming these experimental observations, differs in their 
interpretation. He distinguished between the fate of small and of large concentrations 
of added fumarate. At low concentrations, the effect must necessarily be a catalytic one, 
because the amount of Og taken up exceeds several times the amount needed for com- 
bustion of the fumarate added and particularly because Stare and Baumann 1064b) were 
able to recover the fumarate added at the end of the experiment. Furthermore, the 
respiratory quotient does not exceed unity but will be raised only from 0.8 to 1.0. Large 
amounts of fumarate, on the other hand, are slowly and irreversibly burned by the 
tissue with the exception of the very small amounts of C 4 -acids needed for the upkeep of 
the catalytic cycle and strongly adsorbed at the enzyme surface. 

On general principles this argumentation of Szbnt-Gyorgyi is to be supported. It 
is one of the major recent developments of cellular physiology that not only enzymes, i.e. 
substances specially constructed by the cell for catalytic purposes, but also certain meta- 
bolites may serve the double function of an intermediate in desmolysis and of a catalyst 
during a certain phase of the total process. All one has to do in order to avoid confusion, 
is to distinguish between the reversible and the irreversible phases of the over-all process. 

Another objection has been raised by Knoop 1125). He points out that a great 
number of substances, e.g. imino acids, aldehydes, ketones, compounds with double 
bonds between C atoms, are reduced by the cell. He would prefer the view that the 
metabolic hydrogen, after being split off from the first donator, may find its way to the 
oxygen by a great number of possible routes one of which is that through the C^-acids. 
Krebs, too, regards the reduction of oxaloacetate by tissues as one of many examples 
of the reduction of CO groups. Szent-Gyorgyi’s 1125) answer to this criticism is that 
experience shows that the main process of respiration follows a strictly defined path. 
One of the restrictions is that any metabolic hydrogen in order to be eventually oxidized 
by the Warburg-Keilin system must pass through the succinate-succinic dehydrogenase 
link. Oxidation-reduction potentials alone or even primarily do not prescribe the path of 
the hydrogen for this is largely determined by conditions of chemical affinity. 

A critical discussion of Szent-Gvorgyi’s theory may be found in Oppenheemer^s 
''S upplement^’, p. 1281. 


Oppenheimer-Stern, Biological Oxidation. 
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6) Citric Acid Catalysis *). 

Kebbs’ Theory: This theory which has recently been put forward by Krebs 
constitutes a modification and extension of Szent-Gyokgyi’s 04 -acid theory as developed 
in the preceding section. 

Krebs and Johnson 611) observed that the addition of minute quantities of citric 
acid to muscle tissue will accelerate the combustion of carbohydrates in a manner similar 
to the effect of succinic acid. The experimental analysis of this phenomenon has led to 
the following results. In agreement with the findings of Knoop and Martius 583), citric 
acid is transformed into a-ketoglutaric acid by living ceils. The proof rests on the use of 
arsenious oxide as inhibitor of the enzyme or enzymes normally attacking the ketoglu- 
taric acid without interfering with the oxidation of the citric acid. Ketogiutaric acid, 
in turn, upon oxidation yields succinic acid and COg (see p. 253). By adding malonic acid 
to muscle tissue, the desmolysis of citric acid may be stabilized at the succinic acid stage. 

According to Krebs, the original succinic acid cycle of Szent-Gyorgyi, schema- 
tically represented by Krebs as follows 

a) Oxaloacetic acid -f- “hydrogen of organic molecules” succinic acid 

b) Succinic acid -f O 2 — oxaloacetic acid + H^O, 

although undoubtedly occurring, cannot account for the whole catalytic effect because 
of the slowness of step a). Casting about for an alternative mechanism, the exptTiments 
described above suggested citric acid as a component in the catalytic c^-cle. To thi.s end, 
it would be necessary to demonstrate a regeneration of citric acid from one of its break- 
down products. Actually it is found that addition of oxaloacetic acid to muscle tissue 
causes the synthesis of citric acid in comparatively large amounts. This synthesis which 
occurs under anaerobic conditions, is tentatively depicted by Krebs as follows: 
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The removal of citric acid synthesized in this or in another manner is an oxidation 


•) Eeferenoe is made to the review article by Krebs 607)). 
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by molecular oxygen. The whole schema, called the "citric acid cycle”, is represented 
in the following way: 

>■ Oxaloacetic Acid -|- Carbohydrate derivative (Pyruvic Acid?) 

Citric Acid 
a-Ketoglutaric Acid 
Succinic Acid 

>■ Fumaric Acid 

Each phase of this cycle is an oxidative process. Kebbs believes that this scheme 
outlines the principal pathway of the oxidative breakdown of carbohydrate in muscle 
tissue. Ketone bodies may arise under special conditions through an alternative path 
branching off from the pyruvic acid (Keebs and Johnson 609, 610)): 
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This is in agreement with the observation of Embden and Oppenheimee in 191 2^ 
that the addition of pyruvic acid to liver in excess will give rise to increased ketone body 
formation. The rate of these reactions is stated to be small compared with the normal 
rate of the citric acid cycle. They may be of importance, however, for the explanation of 
diabetic acidosis. Krebs concludes (607)) that '‘it is now evident that carbohydrates 
as w-ell as fats may be the source of ketone bodies.’* 

Objections against Krebs’ Theory: The theory of Krebs has recently 
been subjected to a critical reinvestigation in Szent-Gyorgyi’s laboratory. Breusch 147) 
began by checking the results of Knoop and Martius. He wras able to confirm their 
finding that citric acid is changed by tissues into a-ketoglutaric acid and also that citric 
acid, isocitric acid and cis»aconitic acid are reversibly transformed into each other in 
cells. This is even true for mouse tumor tissue, although the tumor cells are unable to 
break down citric acid. Citric acid when added to normal tissues in vitro disappears 
both aerobically and anaerobically, but more rapidly under aerobic conditions. 

Theoretically, there exist 3 possibilities for a catalytic function of citric acid as hy- 
drogen transporter: 1) by virtue of a reversible change from tricarballylic acid to cis- 
aconitic acid, 2) by an equilibrium between ketotricarballylic acid and isocitric acid, 
and 3) by the citric acid cycle as postulated by Krebs. Process 1) which is analogous 
to the dehydrogenation of succinic acid does not occur in tissues (liver, muscle) to any 
appreciable extent. Eeaction 2) is unlikely since crude ketotricarballylic acid was not 
reduced to isocitric acid. Breusch maintains that the third possibility, i.e. Krebs’ 


a) CHg-CO-COOH CHa'COOH + COg 


CH, 


CO 


HO, 


I 

CO 


+ 0 


-> CH,-CO-CH,-COOH 


— CO 2 (Acetoacefcic Acid) 
+ HjO 


> CH3-CH(0H)-CH2-C00H 
■CO 2 (j8-Hydroxybutyrie Acid) 


COOH 

Acetopyruvic 

Acid. 


CITRIC ACID CATALYSIS 

citric acid cycle, is also not a reality to tissues, the 

acid is not formed &om oj"^He acTd amount of citric acid present, m- 

main fraction is converted into 1-mdic . decreases through oxidative break- 

In oxygU or hydrogen transport analogous to that perfor- 
Tued bv the Ordicarboxylic acid system. 




BIBLIOGEAPHY 


1) E» AbderhuMen^ Einfluss von Ascorbinsaure auf Tyrosinase. Fermentforseb. 14, ,.86''? 
(1934). — 2) A, Abramson fl. Taylor^ The reduction of some adsorbed oxidation-reducti- 
on indicators. Jl. of Physical Chem., 40, 519 (1936). — 3) D.Aekermann^ K, Poller^ If. Linne- 
treli, Trimethylaminoxyd als biol. H-Acceptor. Berichte deutsch. chem. Ges. 59, 2750 (1926). 

4) Cr* A. Adams y The ultraviolet spectrum of hemoglobin and its derivatives. Biochein. Jl., 30, 
2016 (1936), 32, 646 (1938). — 5) C. M.Addinall, (The story of vitamin B|, Merck & Co., Rahway, 
N. J., (1937)). — AdleVp Newer studies on the enzymic oxidation-reduction systems. Skand. 

Arch. Phys., 77, 1 (1937). — 6) E, Adler ^ H* v^Enler^ Einfluss von Flavinen auf die Atmung von 
Milciisaure-bacterien. Z. phys. Chem., 225, 41 (1934). — 6a) E* Adler , IE v. Euler ^ Behydrie- 
rung von Alcohol und Robison Ester. Zs. phys. Chem., 226, 195 (1934). — 7) E* Adler ^ 
JEtfler, Coaymase und Dihydro- Cozymase in lebenden Zellen. Svensk kem. Tidskr., 48, 221 (1936). 

— 8) E^ Adler f JL v* Euler y c.s. Phosphorylierung und Oxydo-redulvtion. Naturwissenschaften, 
25, 282 (1937). — 9) E* Adler ^ Mm Vm Euler ^ Mm Mellstrdm^ Cozymase as the specif. Oo^ 
enzyme of lactic dehydrogenase from heart muscle. Nature, 138, 968 (1936). — 10) Em Adler y M* 
Vm Euler, Mm MeHstrdm, Zm Kenntnis der enzymatischen Wasserstoffiibertrager im MuskeL 
Ark. f. Kemi, Mineral, och Geologi, 12B, No. 38 (1937). — 11) Em Adler, M. Hellstrdmy Hm Vm 
JEJwler, Red edition der Cozymase, Zs. phys. Chem,, 242, 225 (1936). — - 12) E, Adler, W* Lm 

Enzymatiseher Mechanismus der Oxydoreduktion der Triosephosphorsaure. Zt. phys. 
Chem., 253, 71, 143 (1938). — IB) Em Adler, Mm Michaelis, MilchsMredehydrase aus Herz- 
muskel. Zs, phys. Chem,, 238, 161 (1936). — 14) KmAgner, Reversible Spaltung der Leberkataiase. 
Zs. phys. Chem., 235, II (1935). — 14a) Km Agner, The preparation and properties of a highly acti- 
ve catalase from horse liver. Biochem. JL, 32, 1702 (1938). — 15) L. Ahlstroem, Mm VmEuler, 
Sauerstoffaufnahme der Spaltprodukte der Hexosen. Zs. phys. Chem., 200, 233 (1931). — 16)Cf, AL* 
AiMns, Am €m Fag, Effect of light on the reduction of Methylene-Blue in milk. Jl. of Agr. res., 44 j 
85 (1932). — 17) WmAlbach, Einfl. der Vitalfaerbung auf die Atmung. ProtopL,7, 395 (1929). 

18) Mm Albers, Co-ferment-System der Carboxylase. Naturwisseioschaften, 24, 794 (1936). — 

19) Mm Albers, Fm Schlenk, Mm v. Euler, Nicotinsaureamid aus Cozymase. Ark. f. Kemi, 12B, 
Nr. 21 (1936). — 20) M* A* Alt, Atmungshemmung duroh H CN. Bioch. Zs., 221, 498 (1930). — 
20a) .4. Mm Altschul, T* Rm Mogness, Spectroscopic evidence for the existence of carboxyoyto- 
chrome c. JL of Biol. Chem., 124, 25 (1938). — 2l) NmAltvall, Wirkung der Dinitrophenole auf die 
tier. Oxyduktions-Prozesse.Skand. Arch. Phys. 72, Suppl. (1935). — 22) P. Ambrus, ImBanga, 
AmSzent-Ggbrggi, Messung des Sauerstoffverbrauchs, des Respirationsquotienten und d. Methy- 
lenblaureduktion der Gewebe und der Hefe. Bioch. Zs. 240, 473 (1931). — 23) IL Andersag,Km 
Westphal, Synthese des antineuritischen Vitamins. Berichte dtsch. chem. Ges. 70, 2035 (1937)* 

— 24) Rm Jm Anderson, Mm S* Newman, The chemistry of the Lipids of Tubercle Bacilli, 
XXXIV. Isolation of a pigment and of anisic acid. Jl. of Biol. Chem,, 101, 773 (1933). — 25). 

Jm Anderson, M. S* Neuman, The chemistry of the Lipids of Tubercle Bacilli. XXXV. The 
, constitution of iohthiocol, Jl. of Biol. Chem., 103, 197 (1933). — 26) Rm Jm Anderson, MmS» 
Newman, The synthesis of Phthiocol. Jl. of Biol. Chem., 103, 405 (1933). — 27) Km Ando, 
Significance of iron in biol. oxidation I, II. JL of Biochem. 9, 188, 201 (1928). — 28) Em AndrS, 
Km Mou, Oxydase des lipides. Compt. Rend., 104, 645, 105, 172 (1982), — 29) Em Annau, c.s. 
Acetonkdrperbildung aus Brenztraubensaure. Zs. phys. Chem., 224, 141 (1934). — 30) Em 
Annau, L Manga, Mm Goeszy, SL Mnszdk, Km Eaki, Mm Straub, Am Szent^Gydrgyi, tJbejr 
die Bedeutung der Fumarsaure fiir die tierische Gewebsatmung. 2. Mitt. Zs. phys. Chem., 236, 
1 (1935). — 31) Em Annau, 1. Manga, Am Mlazsd, F* Mruckner, Km Laid, FmBmStraub, Am 
SzenLGybrgyi , t)ber die Bedeutung der Fumarsaure fuer die tierische Gewebsatmung. 3. Mitt, 
Zs, phys, Chem. 244, 105 (1936). — M. L. Anson, The estimation of cathepsin with hemoglobin 
and the partial purification of cathepsin. JL of gen. Phys., 20, 565 (1937). — 32) M* Anson, 
Mirsky, Helicorubin. JL of Phys., 60, 221 (1925). — 33) Ch. A. Ashford, Glycolytic Mechanism 
of Brain. Biochem. JL, 27, 903 (1933). — 34) Em Aubel, Die Oxydations-Reduktions-Potentiaie 



278 


BIBLIOGBAPHY 


lebender Zelien imd ihre Bedeutung. Zs. angew. Cliem., 4^9 989 (1980), — 35) E* Aubelf Desa- 
Hiination de Talanine da'ns ie foie. Ami., de Physiol., D, 929 (1933). — ^Q) Aubel f E, Sur la d&a- 
• mmation de i’aianine.. Soc. Biol. IIS,^ 37 (1933). —.37) E. A'ubel, c.s. Poteiitiel .app.areiit _des 
'•solutions .de sucres reductants. C. R.> 184j 407 (1927), — SS) E« Aubelf Aubertin f Pot. d oxido- 
r^duction des milieus on croissent les anaerobies. Soc. Biol., 97 ^ 1729 (1927); Ann. de Physiol, et de 
' ■pliysicoohem.'.biol. 5, 1 :(1929).,— B9)E.Aubeif L.GenevoiSf Poteniiel d’oxydo-reduction de la 
'levure. 184, 1676 (1927). — 40)E. Aubelf E. Levy, Pot. d’oxydo-iAdiiction dans ies chenilles 

, -de Galleria .iiieliGneila. Soc. Biol,, 101 ^ 756 (1929) 862, 105 j, 358 (1930), 4 : 1 ) Aubelf 

'MuuTi€i€f 'E*AubeTtinf ,SiiT le potentiels d’oxide-reductioii et sur ies vitesses des prot*. d oxido- 
,r6du.ction d.es cellules de mammiftos., Ann. de Physio!, et physicochim. bioL, 5, 310 (1929). ^ 42) 

E. Aubelf E. Simon f tJber den Meclianismus der Milclisaurebildung ini Muskel. Bioeh. Zs,. 276, 
309 .(1935). — 43) E, Aubelf R* WumweTf Pot. d’oxido-reduction des ceiiuies de maminiieres. 
Soc. BioL, 101,. 880 (1929). -- E. Auimgefif Welter es Co-Enzym der aikolioiischeii Gurmig. Na- 
. lurwissenscbaften,, 19, 916 (1931). — 45) Attliageti, Co- Carboxylase, eiii neues Co-Eiiayin der 
...aBiohoiischen Garung .Zs.pliys. Ghem,, 204, 149 (1932). 4G) E. Aukagen f Co- Carboxylase IL, 

:Zs. phys., Chern., 209, 20 (1932). —.47) £1. 71 -Mlrnfm, Belnigung und Vorkoiniiien von Co- Car- 
boxylase in. tierisohen, Organen. Bioch. Zs., 258, 330 (1933). — ' 48) Fi\ AxfHUcheVf Eiiuvirkung 
..einiger organ. .Farbstoffe auf den oxida.tiven Gassloffw. iiberleb, Gewebe. Arch, fiir exp. Path. 
170,51 (1933). — 4SsL) A3mtmeherF.fJ-LB€rgstmmiifmf Zur Kenntnis der Carboxylase. Bioch, 
Zs., 272, '259 (1934). — . 49) !• ILBmarSf Over siilfat reduction door bacteria. Dissertation, Deli'fc 
1930. — B0)A,Buehf Mechanismus der Eisenkatalyse bei Autoxydationsprozessen. .Berichto doutscii. 

. Chem. Ges. 65, 1788 (1932). — 51) A* Bach f A* Kultjuginf Peroxydasefiniktion des Oxyluiino- 
globins. Bloch. Zs., 167, 227, 238, 241 (1926). — 5%)A.Emchf D. 3lielili«, Enzyinat ische Urn- 
wandiung des Xanthins in Plarnsaure. Ber. deutech. Chern, Ges.., 60, .82 (1927), — 53) AmBuchf 
D* MichMUf Succinodehydrase, Ber. deutsch. Chem, Ges., 60, S27 (1927). — 5 1) *1. l£. 

Nilmlajew , Sind sauerstoflubertragende Enzyme mit wasserstofflibertragenden ident iseh ‘? Biocln Zs., 
160, 105 (1920). — 55)A.Ba€hf iL NikolujetVf Chem. Beteiligung des Wassers an der osydativen 
WirL des Chinons. Ber. deutsch. Chem. Ges., 64, 2769 (1931), — 66) II* L. «/• Bueel^triimp 
Ber Kettenmechanismus bei der Autoxydation von Aldehyden, Zs. physikaL Cliem. B 25, 99 (1934)* 

— 57) E* Cr. Ballf Studies on Oxidation-Reduction. XXI, PMhiocoL the pigment of the Imiii. 
tubercle bacillus., JL of BioL Chem., 106, 515 (1934). — 58) £*• G^BuUf Studies on Oxidaiiori' 
Beduction. XXII. Lapachol, Lomatiol, and related compounds. Jl. olBioL Chtin., 114, 649 |ill36)* 

— 58a) HJ. O. BuUf Studies on Oxidation-Beduction. XXIIL Ascorbic Acid. JL of BioL Chciin, 

118, 219 (1937). — 58b) E* Cr. Ballf Gber die Oxydation und Reciuktioii der drei Cylcichrom- 
Komponenten. Koch. Zs., 295, 262 (1988). — 69)£'*€r.B<ill, Xanthine Oxidase: An Alloxazini:? Fro 
teid. Science, 88, 181 (1988). — 6Q)E. Cr.Boll, T* T. €/«?«, (IF. ill. Gark), Studies on oxidation*- 
reduction. XX. Epinephrine and related compounds. JL of BioL Chem., 102, 091 (PJ33). — 61) 
E»G,BaUf IF.M. Clark f A potentiometrio study of epineplniiie, Froc. Acad. Nat. Std., Washington, 
17, 847 (1981). — 62) IF. B. Bowcro/I, iV. F« illiirplif/, Oxidation cihI reduction willi ii^Oji, 
JL of Physical. Chem,, 30, 877 (1985). — 63) I. BangUf Uber den Aktivator und Doimtor der 
Hauptatmung der Taubenbrustmuskels. Zs. phys. Chern., 249, 188 (1987). — 64) I, Ver- 

suche iiber die Dehydrase-kuppelung mit IVnientprilparaten. Zs, Phys. Cheirt., 249, 2611 | Ui37). 

65) LBangUf M* GerenS’Sf ML Ikilrf, O. Papp, PorgeSf lA B. Simubp H.wMAJyiinpp, 
tiber die dehydrierencle Autoxydation und die biologisclieii O.xydationen. Zs. pliys. Cheim. 254, 
147 (1988). — 66) I. BangUf L. Scliiielcler , /I. Smut-^Gyargyi , Gber den EiiifiuKs tier iilausaurci 
auf die Gewebsafcmung. Bioch. Zs., 240, 454 (1931). — 07) L BangUf E Sekmdderf /L Hzent* 
Gybrgyif Gber den Einfluss der arsenigen Saure auf die Gewebsutniiii’g* Bioch. 7m. ^ 24IL 462 (1931). 

— 68) InBangUf A^ Szeni-^Gybrgyi f Gber die Bedeututig der L'lniiamlure fiir die tierischf De* 

websatmung. 4. Mitt. Zs. phys. Chem., 245, 113 (1937). — m)€EBargeTfF.B€rgeLA. IL TmMf 
A crystalline fluoreszent dehydrogenation product from vitamin Bj. 'Nature, 136, 259 (1935). — 
10) Gu Bmimn, Das Kohlenoxydhilmoglobin. Handbiich ci, normalm u. patiwL IdipioL VI/I, 
p. 114, Berlin, 1928. — 70a) G^Barkatif 0*SeiudeSf Die grilnen Derivate des liaeiiioglohiiis und 
die Pseudohaemoglobine. Naturwlssenschaften, 25, 667 (1987), — 71) II* A Barker ^ Umihmmirf 
of the methane fermentation. Arch, fur Milcrobiologie, 7, 403, 420 (1936). — 72) II. liV fiarrwi- 
scheeUf IF. Banzerp Desaminirung des Glykokolls. Zs. Chem. 220, 57 (1933), — 73) 

E*S. G.Maf^rmif Eff. of Methylenblue on the (\-consumpt 20 n. JL of Biol Cheim, 81, 445; 84^ 
88 (1920). — 14)E*S* G» Barron f The catalytic edfect of metliylene bliu^ on the oxygen 

tion of tumors and normal tissues, JL of likp. Med., 52, 447 (1930). — 75) E* S. GliMnmtf The 



BIBLIOGRAPHY 


279 


rate of autoxidation of oxidation-reduction systems and its relation to their free energy. Jl. of Biol. 
Clienu, 07, 287 (1932). — G, Barron, The oxidation of pyruvic acid by gonococci. JL of 

Biol. Chem., llS, 695 (1936). — 71)E,S. G, Barron, Oxidation-reduction potentials of hemin and 
some iiemochromogens. Science, 85, 58 (1937). — 78) E.S. G. Barron, c.s. Oxidation of ascorbic 
acid^in bioL fluids. JL of. Biol. Chem. 116, 563 (1936). — 79) E. S. G. Barron, R. iL Bemeio,- 
F* filewperer, Studies on biological oxidations. 5. Copper and hemochromogens as catalysts for the 
oxidation of ascorbic acid. JL of BioL Chem., 112,625 (19BQ). -- 80)E.S.G.BaTTon, L,B,Flexner, 
Jj» Michaelis, Mechanism of cj^steine potentials at the Hg-electrode. JL of BioL Chem., 91, 743 
(1929). — 81) F.S. G» Barron, M. Hamburger, Effect of cyanide upon the catalytic activity of 
dyes.JL of BioL Chem., 96,299 (1932). — 82) E»S,G.BarTon,G,A. Ilari'op ,FMeci oi Methyiene- 
blue upon the Og* cons, of erythrocytes. JL of exp. Med., 48, 207 (1928); JL of. BioL Chem. 79, 66 
(1928). 88) E.S, G, Barron, A.B, Hastings, Studies on biological oxidations. 11. The oxidation 
of lactic acid by a-hy dr oxy oxidase, and its mechanism. JL of BioL Chem., 100, 155 (1938). — 84) 
E, S, G, Barron, A, B, Hastings, Studies on biological oxidations 3. The oxidation-reduction 
potential of the system iactate-ei g/me-pyruvate. JL of Biol. Chem., 107, 567 (1934). — 85) jE.S. 6r* 
Bmirmt, A.B, Hastings, Oxidation-reduction potentials of cyanide-hemochromogen. Jl. of BioL 
Chem., 109, IV. (1935). — 86) E. S, G. Barron, L, A. Hoffmann, Catalytic effect of dyes on the 
Og-eonsumption. JL of gen. Phys., 13, 483 (1930). — 87) E,S, G, Barron, C, P, Miller, Studies on 
biological Oxidations. Oxidations produced by gonococci. JL of BioL Chem., 97, 691 (1932), 113, 
695 (1936). — 88) L R, Bates, B, J, Salley, Production of HgOg in Hydrogenation- Oxygen- 
Beactions. JL Amer. Chem. So., 55, 110 (1933), — 89) M, A, Battie,J, Sinedley'- Maclean, Cata- 
lytic action of cupric salts. Biochem. JL, 23, 593 (1929). 90) O.Baudisch, Der Einfluss von Eisenoxy- 
den und Eisenoxydhydraten auf das Wachstum von Bacterien, Bioch. Zs., 245, 265 (1932); Svensk. 
kem. Tidskr., 47, 115 (1935). — 91) O.Bawdisc/i, Aktives Eisen. Hb. der Biochem. Erg. Werke., 
i, Jena 1933.— 92) K, Baudiseh, R, JDubos , i)'m Katalasewirkung von Eisenverbindungen in 
Kulturm dien. Bioch. Zs., 245, 278 (1932). Earlier papers: O, Baudiseh , c.s, JL of Exp. Med., 
42, 473 (1925); JL of BioL Chem., 71, 501 (1927). — 98)J, P,Eaumberger, J, J, Jurgensen, M. 
Bardweil, The coupled redox potential of the iactate-enzyme-pyruvate system. Jl. of gen. Phys., 
10,961 (1933). — 94:) F, Beattie, c.s. Nucleotide composition mammalian cardiac muscle. Biochem. 
JL, 28, 84 (1934). — 95) F.Eergel, tJber die Autoxydation von Aminos aurederivaten an 

Tierkohle und Haemin. Zs. phys. Chem. 215, 25, 220, 20, 223, 66 (1933/34). — 96)F,Bergel,A, R. 
Todd, Structure of aneurin and thiochrome. Nature, 138, 76 {19M), — 97) E, Bergmann, Die 
chemische Erforsehimg der Naturfarbstoffe, I. and II. Ergebn. d. Physiol ogie, 35, 158 (1933); 
30,347 (1934). — 98) lA Eemheim, The specificity: of the dehydrases. The separation of the citric 
acid dehydrase from liver and of the lactic acid debydrase from yeast. Biochem. JL 22, 1178 (1928). — ■ 
99) F, Eemheim, c. s. Oxidation of certain amino acids by resting. B. proteus. JL of BioL Chem. 
lit), 165 (1935). — 100) F.Bernheim, M, L, C\ Bem/ielm , Pyrrole as a catalyst for certain bio- 
logical oxidations. JL BioL Chem., 92, 461 (1931). — 101) Th.Bersin, Die Beschleuriigung der 
Dehydrierung von Mercaptoverbindungen durch Metalle. Bioch. Zs., 245, 466 (1932). — 101a) 
Th, Bersin, Thiolverbindungen und Enzyme. Erg. Enzymforschg., 4, 68 (1936). — 102) 
Th, Bersin, c.s. Biochemische Beziehungen zwischen Ascorbinsaure und Glutathion. Zs. Phys. 
Chem., 235, 12 (1935). — 103) Zur Kenntnis des Essigfermentes. Liebigs Ann., 474, 1 

(1929). — 104)A,Bertho, Die Essiggarung. Ergebnisse der Enzymforschung, 1, 231 (1932). — 105), 
A.Bertho, Mechanismus der Wasserstoffaktivierung. Handhuch der Biochemie, Erganzungswerk- 
Jena, 1, 723 (1933). — 106) A, Bertha, Mechanismus der Dehydrierung, Ergebnisse der Enzym- 
forschurig, Leipzig, 2, 204 (1933). — 107) A.Bertho, H. Gluck, Bildnng von durch Milch- 
Baurebacterien. Naturwiss., 19, 88, 20, 484 (1931/2). — 108) Bertho,A, H, Gliich, Atmurigs- 
Prozess der Milchsaurebacterien. Liebigs Ann., 494, 159 (1932). — 109) A, Bertho , B, v. Zych" 
Mnski, Betrag zur Wirkungsweise der dehydrierenden Enzyme von Miichsaurebakterien. Liebig, 
Ann. 512, 81 (1934). — 110) Potenfciel de I’acide ascorbique. JL de Chim. Physique, 

32, 210 (1935). — 111) R. Bierieh, A, Rosenbohm, Cytochrom. Zs. phys. Chem., 184, 246 
(1929), 196, 87 (1931). — 112) R. Bierieh, A, Rosenbohm, Dber reduzierende Substanzen der 
lebonden Gewebe, Zs. phys. Chem., 223, 136 (1934). ^ 118) R.BieHch, A. Rosenbohm., Gehalt 
raschwachsender Gewebe an Ascorbinsaure. Zs. phys. Chem., 231, 47 (1935). — 114:) E.J. Bigwood 
€. s,, Forme oxydde du cytochrome de la leyure. Ann. de Phys., 9, 837 (1933). 115) E, J* 

Bigtvood c, s,, OxydaLilitd du cytoclirome c. Soc. BioL, 117, 222 (1934). — 110) F. J. Bigwood 
€, s,, Beversibilite de Paction inhibitrice de HCN sur Poxydase du lait. Ann. de Phys., 12, 690 
(1936); Sod Biol, 123, 87 (1937). — 117) Bigwood, J. Thomas e. sJ, Action de Pald^hyd^- 



280 


BIBLIOGRAPHY 


hydrase du lait. Soe. Biol., 118 j 1488, 110, 337, (1935). — ItS) Timmms, Action 
du glutathion sur le eytoehrome. Soc. BioL, 120, 69 (1935). — 119) TtmmmSf 

Action inhibit rio6 d© HCN ©t CO stir Igs oxidations biologicjties. Bull. Acad. Med. Bclg., 15, 439 
(1935). — 120) K^Bingoldf Oxydationssteigernde Wirkung von Blutfarbstoffen. Bioch. Zs., 227 , 457 
(1930), — 121) T/i. W. Birchs L.J. Harris ^ Titration curve and dissociation constants of vitamin 
C. Bioohem. JL, 27, 595 (1933). — 122) J. EJerrum^ L. BfiehmeliSf Oxidative faculty of MO. 

' JL Amer. Ghem. Soc., 57, 1378 (1935). — l^d) H,Bkisehko, The niechanism, of catalase inhibitions. 
Biochem. JL, 29,'2303 (1935). -- IM) IL Blaschko, Cell respiration and catalase activity. JL 
of Phys.,: 84, (1935). — 125) B. Bfei/er, O. Kallmann^ Beitrage ziur Keniitnis eiiiiger Iiihalts- 
Btoffe der Milch. II.'Biooh. Zs., 155, 54 (1925). — 12Q)G.BMx, Reduktion von Metliylenblaii in 
Hexose-Phosphat. Skand. Arch. Phys,, 50, 8 (1927). — 127) G. Biix, Adrenalin als Oxydations- 
' Katalysator. Skand. Arch. Phys., 56, 131 (1929). — 12S)C?.BIix, Oxydo-reduktions-system Ho- 
mogentisinsaure .,- 4 - Benzochinon-essigsaure. Zs. phys. Cheni. 210, 87 (1932). — ~ I2S)) IF* Bocfteit*** 
miiller^ Tlu GMz^ Autoxydation von Natriurnhypophosphit. Liebig Ann. 508, 263 (1934). — 
130) K. Bodefidorf, Zur Kenntnis der Inhibitor- Wirkung. Bre. deutsch. Ghem. Ges., 66, 1608 
(1933). — 131) M.Bodine c. s., Effect of cj^anide on embryonic cells. JL of Cell. Phys., 4, 397, 
475, 5, 97 (1934). 8, 213 (1936); Proc. Nat. Acad. Nat. Sci.. 20, 640 (1934); Froc. Soc. Exp. BioL, 36, 
21 (1937). — 132) J.Boelf, Effect of MB on respiration of blocked and de^’^eloping 

embryonic cells. Proc. Soc. Exp. BioL, 34, 629 (1936), 36, 21 (1937). — 133) «/» IE Badine^ E*tE 
Boellf Effect of dinitrophenoi on oxygen consumption. Proc. Soc. Exp. BioL, 35, 504 (193{>). — 
134) J. H* Bodine, E* Boell, Indophenol oxidase. JL of Cell. Phys. 8, 213 (1036). — 135) If. 
Borsookf Reversible and reversed enzyme reactions. Erg. Enzymforscliung, 4, 1 (1935). • — 130) 
Borsaok c.s.. Oxidation of ascorb acid and its reduction in vitro and in vivo. JL of Bioi. Chem., 
117, 237 (1937). — 1^1) H. Bor soak, C.E.F* Jeffreys ^ Glutathione and ascorbic acid. Science, 
83, 397 (1936). — 138) B.Borsoo/fi, G. Keighley ^ The energy of urea synthesis. II Tlie effect of 
varying hydrogen ion concentration with different metabolites. Proc. of the Nat. Acad, of Sciences, 
19, 720 (1933). — W9) H»Borsook^G. Keighley ^ Oxidation-reduction potentials of ascorl)io acid. 
Proc. Nat. Acad. Sci. Washington, 19, 875 (1933). — 140) F# P» Botedeny €• P*Sfmt€f Photo* 
chemistry of vitamins. Nature, 129, 720 (1932). — 140a) B* M* E, Boykmd^ Effect of 

fumarate on tumores respiration. Biochem. JL,30, 224 (1936). — 141) P. Bmfsen-^ensen^ Elnwir- 
kung von Monojode^igsaure auf Atmung und Garung. Biooh. Zs., 236, 211 (1031). — 142) 
Brann^ Gber katalatische und peroxydatisehe Wirkungen des Blutfarbstoffs nml seiner Berivate. 
Inaug. Biss. Munchen 1927. — M9)I*e*Braun f IF* Belfer, Autoxydation von Aldehyden in Gegen- 
wart von Mn02. Ber. ' dentsch. Ghem. Ges,, 66, 215 (1933). — 144) /!• JS. Bmumieinf 31* 
Kritzmann^ Ab- und , Auf bau von AminoBauren durch Umaminierung, Enaymologia 2, Heft S 
(1937). — 145) B-BrclfclEa, Wielands labiler WasserstofI bei der Sehwermetall katalwlerten. Oxyda* 
tionvonSH-verbindungen.Bioch. Zs.,272, 104 (1934). — - 146) M* Brdi&mf €\ Tropp^ Aktivieriing 
von HgOa durch Hemoglobin und Haematin. Bioch. Zs,, 289, 301 (1937). — 147) lA Im Bremehy 
Citronensaure im GewebsstoffweehseL Zs. phys. Chem., 259, 262 (1937). 148) lA L* Bit'mmehf 

Der Wasserstofftransport im Carcinomgewebe. Bioch. Zs., 295, 125 (1938). 149) P. L.llreti^cli, 

Der Eigenstoffwechsel des Lungenpwebes. Bich. Zs,, 297, 24 (1938). 150) ill* 31* EmokSf 

Penetration into Valonia of oxidation-reduction indicators, Proc. Soe. Exp. Bio!., 23, 265 (1926); 
Protopl. 10, 505 (1930). — 151)11. IF.Broim, O. L. Osbiirti, €.11* IFerletyMrii, Bissin illation of 
pyruvic acid by Clostridium. Proc. Soc. Exp. Bio!., 36, 203 (1937). — 152) L IF* Bticliiwittii , Some 
limitations of Warburgs theory of the rdl© of iron in respiration. Science, 66, 23B (1927). 153) 

E* M* BuchmanUf Sulfite cleavage of Vitamin B|. JL Amer. Chem. Soc., 58, 1803 (1936). — 154) 
E* Bumm^ Glutathion. Plandbuch d, Bioohem. Erg. Work. 1, 893 (1933) Jena. — 155) E* 

II* Appel, tlber die Wirkung von Glutathion auf die Faateur’sehe Reaktion. 2m, phyB. Ghem., 
216, 79 (1932). — ^ 156) J}*Burh, Free energy of glycogen-Iactie acid breakdown etc. Proc. Boyi 
Soc., 164, 153 (1929), — 161) B*Burk, Azotase. Ergefomsse der Enzymforschung, 3,23 (1934). — 
167a) D*Burk, II* Lineveaver, €* K* Homer, The physiological nature of humic arid stimulation 
of azotobacter growth. Soil Science, 33, 455 (1932). — 157b) B*Bmrk, On the biocliomical signifi- 
cance of the Pasteur reaction and Meyerhof Cycle in intermediate carbohydrate metabollsiiL Oc- 
casional Publications of the Amer. Assoc, for the Advancement of Science, Supplement to Science, 
85, 121 (1987). — 158) WLS*Butket€its€h,M* W*Fedorofff Umwandlung der l&sigsiure dwrcli 
Mucor. Bioch. Zs., 267, 302 (1929), — 159) L* Califano, Die Verbindung Katalaso*CC) und ihro 
Spaltung durch monoohromatisches Licht. 'Naturwissenschalten, 22, 249 (1934). — 160) IL K* 
CantmUf Electrode pc^ntiais of hermidin, the ohromogen of rnereuriaiis perenids. Bioolieim JL 
' I 



BIBLIOGRAPHY 


281 


2CI, 927 (1926). — 161) IL K, €annmn^ Eehinochrome. Biochem. Jl., 21, 184 (1927). — 162) IT®, 
Cannan^ O. M. Richardson, The thiol- disuliide system. I. Complexes of thiol-acids with iron. 
Biochem. JL 2Sj 1212 (1929). — 163) JL, De Caro, Antioxidative Wirk. des Thyroxins. Zb, phys, 
Chem., 2IO5 257 (1933). 164) JBo Caro, Oxydations Schutss der Ascorbinsaur© 

dnroh tierische Gewebe. Zs. phys. Ghem., 228, 13 (1934). — 165) B. Cavmiach, Engjymatio cata« 
lysis of the ionisation of hydrogen. Nature 133, 797 (1934). — IGQ) Fr, Cedmngolo, Ossidazion© 
deir acido pimvico. Boll Soc. Ital. Biol, 9, 669 (1934); Enzymologia, 1, 359 (1936). — 167) 11. JL 
Chakrabortg, B, Guka,, Ascorbic acid- Oxydase. Ind. Jl. Med. Res., 24, 839 (1937). Chem. 
2bL, 1937, I, 3498. — 168) B.F. Chow,S»E, Kamerling, Catalytic effect of ferricyanide in the 
oxygen absorption of oleic acid. JL of Biol. Chem., 104, 69 (1934). — 169) E. Ciaranfi, Abbau der 
Buttersaure durch Leberschnitte, Bioch. Zs., 285, 228 (1936). — 169a) W> M. Clark et at, Studies 
on Oxidation-Reduction, I — X. U.S. Public Health Service, Hygienic Lab. Bull. No. 151 (1928). — 
170) IF. M. Clark, The potential energies of oxidation-reduction systems and their biochemical 
significance. Medicine, 13, 207 (1934). — 171) W, M. Clark, Potential energies of biologically 
important oxidation-reduction systems. JL Applied Physics, 9, 97 (1938). — 172) H, T. Clarke^^ 
S* Guvin, Studies of crystalline vitamin Bj : 12. The sulfurcontaining moiety. JL Amer. Chem. 
Soc., 57, 1876 (1935), — 173) J. K* Cline, R*R* Williams, J^Finkelstein, Studies of crystalline 
vitamin : 17. Synthesis of Vitamin Bj. JL Amer. Chem. Soc., 59, 1052 (1937). — 174) Gm IE 
A» Clowes, M. E, Krahl, Studies on cell metabolism and cell division. I. On the relation 
between molecular structures, chemical properties, and biological activities of the nitrophenols. 
JL of gen. Phys., 20, 145 (1936), — 175) B. Cohen c. s., The reduction-potential of Amoeba 
dubia by micro-injections of indicators. JL of gen. Phys., 11, 585 (1928). — 176) B. Cohen 
IL Reduction potentials of marine ova. Brit. JL Exp. Biol., 0, 229 (1929). — 176a) JE. Cohen^ 
Cm Am Elvehjem, The relation of iron and copper to the cytrochrome and oxidase content of 
animal tissues. JL of Biol. Chem., 107, 97 (1934). — 176b) «/. B# Conant, The electrochemical 
formulation of the irreversible reduction and oxidation of organic compounds. Chem. Reviews, 
3, 1 (1927). — 177) Jm Bm Conant, B. F. Chow, Em B. Schonbach, The oxidation of hemo- 
cyanin. JL of, BioL Chem. 101,463 (1933). •— 178) «/. B. Conant, F* Bersch, W* E* Mydxms^ 
The prosthetic group of Limulus Hemocyanin. JL of BioL Chem., 107, 765 (1934). — 179) JT. B* 
Conant, A* Mm Pappenheimer, A redetermination of the oxidation potential of the hemo* 
globin-methemoglobin system. JL of. BioL Chem., 98,57 (1932). — 180) J. Bm Conant, C* O. 
Tongberg , oxidation-reduction potentials of hemin and related substances. I. The potentials 

of various hemins and hematins in the absence and presence of pyridine. JL of BioL Chem., 80, 733 
(1980). — 181) Rm Pm Cook, Jm Bm Sm Haldane, L, IF. MajJSOf*, The relationship between the 
respiratory catalysts of B. Coli. Biochem. JL, 25, 534, 880 (1931 ). — 182) JR.P. Cook, Mm Harrison, 
Isolation of acetic acid from mammalian liver. Biochem. JL, 30, 1640 (1936). — 183) -8. F. Cook, Me- 
tailio ions as oxidation catalysts. JL of gen. Phys., 10, 289 (1926). — 184) T/i. B. Coolidge, Cyto- 
chrome and yeast iron. JL of BioL Chem., 98, 755 (1932). — 185) C.F. CoH,GmTm Cori, Formation 
of hexosemonophosphate. Proe. Soo. Exp. Biol., 34, 702 (1936). — 186) F. G, Cox, Crystal structure 
of hexuronic acid. Nature, 130, 205 (1932). — 187) M. Cozic, Etude biochimique de B. xylinum. 
Bev. gen4r. hot., 40, 1, 48, 209 (1934/36). — * 188) M. Cozic, Pot. d’oxy do-reduction provoques par 
le mdtabolisme des bact. acefciques. Rev, g4n. Bot., 48, 141 (1936). — 189) iJ.P. Creac’/i,Respira- 
tion de la cellule de levure. Dissert. Bordeaux 1937. — 190) IF. Cremer, Reduktion von Haemin 
durch Cystein. Bioch. Zs., 192,426 (1928). — 191) W, Cremer, CO-Verbindung des Ferro- Cysteins. 
Bioch. Zs., 194, 231, 201, 490, 200, 228 (1928/9). — 192) iV.B. Das, Nachweis der Adenosin-tri- 
phosphorsaure in Unterhefe. Svensk kern. Tidskr., 48, 22 (1986). — 183) JV. B. Bos, The Meta- 
bolism of Amino Acids. Dissertation, Szeged (1937). — 194) 7V,B. Das, Studies on the inhibition of 
lactic and malic dehydrogenases. Biochem. JL, 31, 1124 (1937). — 195) «/. G* Baris, Atipung und 
Garung von MilclTisaurebacterien. Bioch. Zs,, 206, 90 (1933). — 196) «/. Gm Baris, Atmung und 
Garung von Milchsaurebacterien. IL Bioch. Zs., 207, 357 (1933). — 197) B. B. Davies, J* IE 
Quastel, Dehydrogenations by brain tissue. Biochem. JL, 20, 1672 (1932). — 19S)EmFm Begering, 
Fm Wm Upson, Catalytic oxidation of d-glucose, JL of BioL Chem., 94,423 (1931), 95,409 (1932). — 
199) Jm Gm Bewan, B. E, Green, Coenzyme factor, Biochem. JL, 32, 626 (1938). — 200) AT. B. 
Bhar, Iron and cerium compomids as inductors. Jl. of Physical Chem., 35, 2043 (1931). 201) 

Chm Bhere, L'absorption des rayons UV par les acides nucleiques. Soc. BioL, 101, 1129 (1929). 

202) Fm Dickens, Phenosafranine as an anticatalyst of the Past eur-Effect. Nature, 135, 762 (1935). 

203) Fm Dickens, The metabolism of normal and tumor tissue. Action of some oxidation-reduction 
systems. Biochem. JL, 30, 1064, 1233 (1936). — 204) Fr. Dickens, Gm lE-Gemlle, Metabolism of 



282 


BIBIiloaRAPHy 


■normal and tumour tissue. IX. Ammonia and urea formation. Biochem. JL, 27 ^ 112S (193B). • 205) 

11, Bieterle^ E* JK'mfa,' Inhaltsstoff von Drosera. Arch, der Pharmac., 274^ 457 (1936). ^ 206) 

Zm Dische^ Koppeiung zwischen Resynthese der xALdenosintri-phospIiorsaure und Oxydoreduktion 
jswischen Brenztraubensaure und dem Diaeeton-Phosphorsaureester. Naturwissensciiafteii, 

S. 855. — 201) K. Mixon ^ E. Holmes, Mechanism of the Pasteur-effeet. Nature, 995, 137, 
742/138, 462 (1935/0). 208) M, Dixon, Effect of CN' on the Schardinger Enzjmie. Biochem. Jl, 
21, 480 (1927). — ■209) M, Dixon, The action of carbon monoxide on certain oxidising enzymes. 
Biochem. JL,. 21/ 1211 ^(1927). — 210) M. Dixon, The action of carbon monoxide on the aiitoxi- 
dation of sulphydryi compounds. Biochem. JL, 22, 902 (1923). — 211) 31. Dixon, Crystalline 
tripeptide from liver cells. Nature, 124, 512 (1929). — 212} 31. Dixon, Oxidation niechaiiisnis in 
animal tissues. Biol. Reviews, 4, 352 (1929). — 213) 31. Dixon, Ju A» C\ MliofI, Tlie eileet of 
cyanide on the respiration of animal tissues. Biochem. JL, 23,812 (1929). — - 214) 31. Dixon, R* Hill 
D. Meilm, A hsorption spectrum of the component c of cytochrome. Proe. Roy. Sot*. B. 109. 2il (1931) 
— 215) 31. Dixon, D. Eeilin, The action of cyanide and other respiratory inhibitors xani Line 
oxidase. Proc.' Roy. Soc., London, B. 119, 159 (1936). — 216) 31. Dixon, €. 

Aldehyde mutase. Nature, 139, 548 (imi). — 217) M. Dixon, I LE. Tmmieiiffe, On the miiidng 
power of glutathione and cysteine Biochem. JL, 21 , 844 (1927), — 218) E» C. Dodds , G. 1>. G rerilie, 
Acceleration of tissue respiration by a nitrophenoL Nature, 132,906 (1933). — 219) E. O. Dodds ^ CA 
1>. Ger fife, Effect of a dinitrophenol on tumour metabolism. The Lancet, 1,398 (1934). — 220) 
11, L* Dube, N. R, Dhar, Induced oxidation of glucose in presence of insulin. JL of riiysitxil Chcm., 
30^ 444 (1932). — 221) li. Dubos, Role of carbohydrate in biological oxidation. JL of llxp, 

50, 143 (1929). — 222) 12. Dubrisatf, A> SainDMaxen , Aut oxidation de Fliydroquinont/. C. li., 
189/694, 191, 212 (1929/30). — 223) Ch. Dufmisse e. s., Sur la catalyse d*autoxydation. i\ R., 
191,1126 (1930), 194, 880 (1932). — 22i)G. Dupont c.s*, Mecanisme de I’action des catalysateiOT 
dans Fautoxydation. C. R., 190, 1802 {WHO). -—22o)G, Dupont, J* Allard, M^junisme do Faction 
antioxygdne. C. R., 190, 1419 (1930). — 226) S. Edlbacher,J. Emus, Clwmie der Adrenalinwir- 
■kung.' Zs. phys. Chem., 178, 239 (1928). 227) S. EiUbueker, 31. \eber, Iiitermediarer Hfofl- 

weohsel des Histidins. Zs. phys, Chem., 224, 261 (1934). — 22^) Sm Edlbucker, A» Segessex, 
Grimes Deri vat des Hamoglo bins. Naturwissenschaften, 25, 461 (1937). — Bioch. Zs., 290, 370 
(1937). — • 229) N. L* Edson, JL. F. Leloir, Metabolism of ketone bodlt'S. Bioehtm, JL, 311, 2319 
(1936). — 230) E, Ehrenfest, E* Rottzoni, Effect of dinitro])heno] on oxidatimb^ of tis-m i'roo, 
Soc. Exper. BioL, 31, 818 (1933). — 231) O. Ehristrmnn, Pyoeyanin und Bukteriiii-Atiiiimg. 
Zs. .Hyg., 116, 209: (1984), — 2H2) F» EiehhoUz, System biologisrher Schwcriiittullreagciificn. 
Arch, filr exp. .Path., 148, B69 (1929). ■ — 2HH) B. Eleftm , Studies on the oxidatiori-rHiuctiori of 
pyocyanine Part II. Redox potentials of pyocyanine. Rec. Trav. ChJin., 50, H)T (1931). — 234} 
B.Elema, Oxidation-reduction potentials of chlororaphine. Rec. Trav. ehim. 52, 569 (1933). — 
2'So) B. Elema , Theory of the reversible two-step oxidation. JL of Biol. C/hcrn., 190, 1-UJ 61933). — 

. 236) JB* Eiemu, Some remarks eonce.rmng the theory of seiiiiqiiiiKme formafioin Trtiv, Cliiin. 
Pays-Bas, 54, 76 (1935). — 2H7) B.Ele^rm, A. J. Elmjim\J. IIL wiw Dulfsen, tbcr t!i(' Llczlchiin- 
gen zwischen den Stoffwechselvorgangen der Mikroorganismen und dem Uxyd<»redukUouspHttajtial 
im Medium, L Bioch. Zs., 270, 317 (1934). — 238) JTA ElenmifA, CL Sunders, Studies mi the oxi- 
dation-reduction of pyocyanine. Part 1. The biochemical preparation of pyocyanine. TVav. duun. 
des pays-bas,50, 790 (1931). — 2H9)Ph,Ellmger, IF. Eoseimrm, Bber eiim iicnie Gruppetii^rBdier 
Farbstoffe (Lyochrorae)..!. VorL,.Mitt. Ber.--deiitseh. Chem. Ges.,, 66, 315 (1933). — 2M) iLA* C* 
Elliott, Reduction of the S.-S-group by enzyme systems. Bioclmm. JL, 22, 1411) (102^). — 241) 
IL/l. C. Elliott, Catalysis of oxidation of cysteine and thioglyooliic acid by Fe and Cm Biochcim JL, 
24, 310 (1980). — 242) E»A* €» EUioft, Behaviour of glutathoine in yeast, Biochem, JL, 24, 1421 
(1930). — 243) E.A, €»ElMoU, Oxidations catalysed by horseradish and iniik*pcTOxiiliis«^. liioeliunn 
JL, 26, 1281 (1932). — 244) E* A* C*. Elliott e. Metabolism of lactic add. Bioelu'im JL, 28, 
1920 (1934). — 245) K,A* C» Elliott, Z» Baker , The effccte of oxidatic/n-recliiction intlhxdor dym 
on the metabolism of tumour and normal tissues. Biochem. JL, 29, 2396 (1935). — 246) M* A, 'iL 
EiiioU, Z, Baker, The respiratory quotients of normal and tumour iksue. Biodieim JL* 29, 2433 
(1935). — 217) E. A. €. ElUott, D. Eeilin, The haemntin content of horsenulish pcroxiiiiwo 
Proc. Roy. Soc. B 1 14, 210 (1934). — 248) K. C. EllMt, II. Sutter, 0hnr die Kimvirkung von 
Kolilenoxyd auf Peroxydase. &. phys. Chem., SOS, 47 (1982). — 219) O. IF. EUitt, (’nutrihiiiion 
to the chemistry of drying oils. Jl. of Soo. Chem. Ind., 45, 193 T (1920). — 250) a. IF. EUi/i, Auto- 
xidation of the fatty acid^. Biochem. Jl., Sfi, 791 (1932), 80, 753 (193G). ~ 251) C. dl. Eleehjem, 
Catalytic action of Cu. Efeehem. JL, 34 , 415 (1980). -- 252) C. A. Elmhjetn , Tlie so-called aut<i.xi- 



BIBLIOGRAPHY 


m 


dation of cysteine. Science II, 568 (1931). — 258) R. Emm'son, Effect of certain respiratory inhi- 
bitors on the respiration of Chlorella. Jl. gen. Phys., 10, 469 (1927). — 254) W, A. Engelhm'dt^ 
Atmung von Vogel-Erythrocyten. Bioch. Zs., 251, 343 (1932). — 255) H.EHmmeyer^ Epjn'echtl 
V. Megemburg, Potential der thiazol-5-carbonsaxire. ,Helv. Chim. Acta, 20, 310, 514 (1937), — 
256) A, Eueken^ IL Fajans^ Empfehlungen bestimmter Formelzeichen seitens der Deutschen 
Bunsen- Geselischaft. Zs. Eiektrochem., 38, 681 (1932). — 257) If. v. Euler, Biol, aktivierende und 
hernmende Btoffe. Ark. f. Kemi, A 11, Nr. 12 (1933). — 258) If. v. Euler, Vitamine A und C. 
Ark. f. Kemi, IIB, Nr. 18 (1933). — 269) H* Euler, Chemische Untersuchungen an hochgereinig- 
ter Coaymase. Zs. phys. Chem., 240, 113 (1936). — 260) ff. v. Euler, Die Cozymase. Ergebnisse 
Phys., 38, 1 (1936). — 261) ff. Euler c. s., Biolog. Abbaii- und Veratmungs-Vorgange an ver- 
schiedenen Stoffgruppen. Zs. phys. Chem. 169, 123 (151) (1927); Arch, internat. Pharm. 43, 67 
(1932). — 262) ff. V* Euler, c. s., Enzymatische Inaktivierung der Cozymase. Zs. phys. Chem., 
183, 60 (1929). — 263) ff. v*Eulerc, s*, Katalatische Wirkung einiger eisenhaltigen Verbindungen. 
Svensk. kem. Tidskr., 41, 85 (1929). — 264) ff. v* Euler, c,s» Zur Kenntnis des Vitamins C und 
verwandter Stoffe. Akr. f. Kemi, IIB, Nr. 9, Nr. 13 (1983). — 265) if. v, Euler e, s., Sauerstoif- 
aufnahme diirch Gluco-reducton. Zs. phys. Chem., 217, 1 (1933). — 266) ff. Euler, c.s., Ca- 
rotiiioidgehalt eines Evertebraten. Zs. phys. Chem. 228, 77 (1934). — 267) ILv. Euler c^ s.,FluoTes- 
oenz-mikroskopische Studien liber das Flavin in Augen. Zs. vergl. Phys., 21, 739 (1935). — 268) 
ff* V. Euler c. s., Cozymase als Wasserstoffubertr^er. Svensk kem. Tidskr., 47, 290 (1936). — 269) 
If. i?. Euler c. s., Z. K. hochger. Cozymase-prap. Ark. f. Kemi, 12B, Nr. 4 (1935). — 270) ff. 
Euler e. s., Versuche zur Abgrenzung von Codehydrase und Cophosphorylase. Ark. f. Kerni, 
12 B, Nr. 25 (1936). — 271) ff. v* Euler c. s., Beobachtungen ilber Enzymsyst. und Vitamingehalt 
bei Ratten. Ark. f. Kemi, 12 B, 30 (1936). — 272) ff. v. Eider c. s., Cozymase, das wasserstoff- 
iibertragende Coenzym bei der Muskel-Glykolyse. Zs, phys. Chem., 245, 217 (1937). 273) ff. 

t?. Euler c. s*, Enzymatische Inaktivierung der Codehydrase IL Zs. physiol. Chem., 247, I V 
(1937). — 274) ff. 17. Euler, E, Adler, Hemmungs- Versuche an Deliydrasen. Zs. phys. Chem., 
232, 10 (1985). — 275) ff. v. Euler, E, Adler, Dehydrierung von Hexosen unter Mitwirkung von 
Adenylpyrophosphorsaure, Zs, phys. Chem., 235, 122 (1935). — 216) Euler, ■ E, Adler, 
Ober die Komponenten der Dehydrasesysteme : 9. Die Co- Zymase und C-Dehydrase II. Co-Zymase 
als Wasserstofftibertrager. Zs. phys. Chem., 238, 233 (1936). — 277) If. v. Euler,. E> Adler, G». 
Gunther, II » Heiwinket, f2. Vestin, Gozymase und Cophosphorylase. I. Zur Frage des Co- 
Enzyms der Umphosphorylierung. Arkiv. f. Kami, 12 B, Nr. 24 {193o). — ■ 21B)H»v^ Euler, E, Ad- 
ler, G* Giinther, ff. Mellstrdm, Cozymase, das wasserstoftiibertragende Co-Enzym bei der 
Muskelglykoiyse. Zs. phys. Chem., 245, 217 (1937). -- 279) if. v. Euler, E. Adler, IL Mellstrdm, 
Mechanismus der Dehydrierung Amn Alkohol und Triosephosphaten und der Oxydereduktion. Zs. 
phys. Chem., 241, 239 (1936). — 280) ff. v* Euler, E, Adler, S, Kyrning, tiber die Komponenten 
cier Dehydrasesysteme 13. Verschiedenheit von Alkohol- und Triosephosphorsaure-Apodehydrase. 
Zs. phys. Chem. 242, 215 {1966), --’ 261) M*v. Euler, L, AMstrbyifi, Oxydations-Grosse Vitamin- 
A-hakiger Stoffe. Zs. phys. Chem. 204, 168 (1931). — 2S2) ff. v* Euler, IL Albers, F. Schlenk, 
tJberdie Co- Zymase, (VorL Mitt.). Zs. phys. Chem., 237, 1 (1935). — 2S6)II,v^Euler,H. Albers, 
F. Schlenk, Co- Zymase, Bioch. Zs., 286,140 (1936).— -2S4) If. v. Euler, E. Bauer, Umwandlung 
von Codehydrase I in Codehydrase II. Ber. deutsch. Chem. Ges., 71, 411 (1938). — 235) If. 
Euler, B, Burstrbm, Asoorbinsaure-Bestimmung irn Harn duroli Titration Bioch. Zs., 283, 153 
(1935). — 236) IL v, Eider, H. Fink, Cytocliromin Hefezellen. Zs. phys. Chem., 164, 69 (1927). — 
2B7) ff. v. Elder, IL Fink, IL liellstrbm, Cjkoohrom in Hefezellen. Zs. phys. Chem., 169, 10 
(1927). — 2SS)IL v*EMler, W^ Franke, R. Nilsson, lu Zeile, Chemie der Enzyme II, 3: Kata- 
lasen un die Enzyme der Oxydation und Reduktion. Munchen 1934. — 289) ff. v, Euler, G» 
Giinther, Zur kenntnis der Temperaturstabilitiit und Bildung der Cozyrnase. Ark. f. Kemi, 
IIB, Nr. 50 (1966). — 290) ILv. Euler, G. Giinther, Stabilitat des durch Erhitzen der Cozymase 
entstehenden Aktivators der Glykolyse und des Warburg'schen Coferments. Svensk kem. Tidskr., 
47,235 (1935); Zs. phys. Chem., 237, 221 (1935). —291) ILv. Euler, G. Gunther, Aktivatoren 
der Glykolyse HI. Zs.” phys. Chem., 239, 83 (1936). — 292) IL v. Euler, IL Ileiimnkel, Enzy- 
maiische Inaktivierung der Cozymase. Natm-wissenschaften, 25, 269 (1937). — 298) ff. v» Euler, 
If. liellstrdni, Cytochrom und die katalatische Wirkung der Flefe. Zs. phys. Chem., 190, 189 
(1930). — 294) ff. V. Euler, IL liellstrbm, Zur Kenntnis der enzymatischen Wasserstoffuber- 
tmger irn Muskel, II. Zs. phys. Chem., 252, 31 (1938). — 295) IL v. Euler, B.Junsson, Katal. 
H 2 O 2 Spaltung durch Metallverbindungen. Monats-Hefte der Chemie 53/54, 1014 (1920). 296) 

IL V* Euler, ILJosephson,. Katalase I, II. Liebigs Ann., 452, 158, 456j^l (1927). — 297) M. v. 



284 


BIBLIOGEAPHY 



Euler, K. Josephson, Katalytisohe Spaltung des HjOj duroh Haemin. Liebigs Ann. 456, 111 
(1927). ~ 298) H. v. Euler, P. Karrer c. s., Synthese des Laotoflavins (Vitamin Bj) und anderer 
Flavine. Helv. Chim. Acta, 18, 522 (1935). — 299) IL v. Euler, P. Karrer ,B. Becker, Konstitu- 
tion der Pentosephosphors§,ure ans Cozymase. Helv. Chim, Acta, 19, 1060 (1936). — - 300) II. 
Euler, E. Klussmainn, Bioehem. Vers, an C- Vitamin und Zuckerderiv. Ark. f. Kenii, IIB, Nr. 7 

(1933) 301) H. V. Elder, E. Klussmann, Reduktions versuche an Zuckerderivaten. --Yrk. f. 

Kemi, llB, Nr. 8 (1933). — 302) H. v. Eider, E. lilussmann, Hochreduzierende Zwisehen- 
produkte (Reduktione) bei der alkalischen Umwandlung einfacher Zuckerarten. Ark. 1. Kemi 
IIB, Nr. 12 (1933). — 303) H. v. Euler, E. Klusemann, Phj'siologische Versuelie iiber Vitamin 
C (Asoorbinsaure) und Redulction (Enol-Tartronaldehyd). Zs. phj^. Chem., 217, 107 (193.3). — 
SQ4) H.v.Euler,M. Malmberg, Vitamin G. Ark. f. Kemi, Bll , Nr. 9 (1983). -- 305) 11. v. Euler, 
C. Martins, Ein hoclired. Zuekerderiv. (Redukton). Svensk kern. Tidskr., 45, 78 (lSi33): Ark, 
£. Kemi, IIB. — 306) H. v. Euler, C. Martins, Reduktion (Enol4artronalileh\'d) und Ascorl.in- 
saure. Liebigs Ann., 505, 78 (1933). — 307) H. v. Euler, K. Myrbiick, Enzymatisdier Abbau 
und Aufbau der Kohlenhydrate. Svensk. Kem. Tidskr., 37, 173 (1925). — 308) H. v. Euler, I{, 
Myrback, Gozymaso XIV. Zs. phys. Chem. 160, 102 (1927). — 309) II. v. Euler, K. MtjrMck, 
Cozymase XV. Zs. phys. Chem., 177, 237 (1928); Naturwissen-schaft, 17, 291 (1929). — 310) 
H.v.Etder, K.Myrbiick, Cozymase XVII. Zs. phys. Chem., 190, 93 (1930). — 311) II. r. Euler, 
II. Myrback, Cozymase XVIII. Zs. phys. Chem., 198, 219 (1931). — 312) II. v. Euler, li. 
Myrback, R. Nilsson, Molekulargewicht der Cozyraase. Zs. phys. Chem., 168, 177 (1927). — 
31*3) H. V. Euler, R. Nilsson, Zur Kenntnis der Reduktase der Hefe. Zs. phys. Chem., 155, 31 
(1926). — 814) H. V. Euler, R. Nilsson, Zur Kenntnis der Reduktase der Hefe. Zs. plij-s. Clioin., 
162, 72 (1926). — 815) II. v. Euler, F. Schlenk, Einw. vom UV-Licht auf Cozymiise, .Xrkiv. i. 
Kemi, 12B, Nr. 19 (1936). -- 316) H. v. Euler, F. Schlenk, Zusamrnensc'tauiig Coayiriase-* 
Moiektils. Svensk kem. Tidskr., 48, 135 (1936). — 317) /J. 't?. Euler f F» Sehlenkf CossyiiiafeJe, 
phys. Chem., 240, 64 (1936). — 318) //. v. Euler ^ F, Schlenk^ Vesting Adenosin-dipluxsphor* 
saure aus Cozymase. Naturwissenschaften, 25, 318 (1937). — 319) //. i\ Eider^ iL Zur 

Kenntnis der Wirkung der Go-Zymase. Zs. pln^s. Chern., 237, 1 (1935). — 32r0 //. Euler^ IL 
Vestifif Enzymatische Synthese von Cocarboxylase aus Vitamin Bj und Fh^sephat. Niiturwisaen* 
sohaften, 25, 416 (1937). — Z2i)M.v,EtilerfIL VestiUf Versuche tiber enzyrmitische Umwiiiirihing 
der Codehydrase I in Codehydrase IL Ark. Kem. Miner. GeoL, 12B, No. 44 (19S8). 322) 11* v* 

Euler, H. Vestin, IL Meiwinkel, Umphosphorylierung in Gegenwart von Cozyiuaae. iSw'nsk 
kem. Tidskr., 48, 176 (1936). — 323) H* v* Euler, IL Zeile, IL Ilellsirdm, Zur Kenniim der 
aktiven Gruppe der Katalase. Sved. Kem. Tidskr., 42, 74 (1930). — 32 1) IL »* B'liler, II* Zmuieek, 
Gber die Stabilitat des Prolans, Hinweis auf seine enzymatisehe Katiir. Skand. Arab. Phys., 6$, 
232 (1984); Ark. 1 Kemi, All, Hr. 12 (1933). — 325} C/. H* t?. Euler, Beeiiiflussuiig der iiewebs- 
Atmung durch Insulin und Adrenalin, Skand. Arch. Phys., 59, 123 (1030). — 326) i?. Euler, 

Influence du dinitro-a-napthol sur la eonsomrnation d’oxvgene. Arch, internat, Phann., 41* 4r>4 
(1933). 327) V.S^ v, Euler, IL v. Euler, IL IMlstrmn, A-Vife. -Wirk. der Lipochroiae. Bk«;h. 

Zs., 203, 370 (192*^). — 828) IF. L*Emns c. s,. Mechanism, of earlH>hydrate oxidation, JL Amer. 
Chem. Soc., 50, 2267 (1928). — 329) «/. O* Eymers, IL L* tmn Stdmuwenburg , Quantitative 
data regarding spectra connected with bioluminiscence, Nouberg Fesli^<.;hrift, Kiizyunslogia, 3, 
235 (1937). — 830) jfl. Fabte, IL Simminet, Contribution a r4tude du |,)Ouvoir oxvilo-retiuctif 
des tissues. Bull. Soc. Chim.BioL, 12, 777, 800 (1930); C. R., 190, 1233 (1930). 331) WAKFmm 

e* s,, Stimulating effect of CO on mucle metabolism, Amer, Jl. Phys., 101, 34, 102, 393 <PJ32). — 
332) J". FieM e* s,, Effect of 2,4-Dmitrophenoi on the Og-consuinption of jnmt. JL of cell, Iliys., 4, 
405 (1934); Jl. of Pharm., 53,314; Proc. Soc. Exp. Biol, 32, 1043, 1285, 1342 (1935). 33)*/. FkM, 

M, Field, Cyanide-stable respiration. Proc. Soe. Exp. Biol, 28, 995 (1031). — 334) J* FieM, 
E* 6?* Tuinter, 2,4-Dinitrophenoi and 4,6-Dinitro-o-cre®ol have a tsoroniton site of action tiie ye*tet 
cell Arch, internat. Pharm., 54, 184 (1936). 335)S. Filllll, Sur r^quilibre d’oxydor^diiiion d« 

oxypurines. JL de Chimie Physique, 82, 1 (1935); Nature 1936 I, 35; alterer Wert: il E., 1118, 030 
(1934). — 386) IL Fink, Kiassifizierung von Kulturhelen mifc Idiife des Cytochromspektriinw. 
Zs. phys. Chem., 210, 197 (1982). — S67}F^Gi,Fmeher, Siiceinodeliydrasc^. Ber, dcnJtsfb. Clieiii* 
G^., 00, 2257 (1927). — 338) J** Fischer, A* Marsilmll, Besclileunigiing von Akloikondensa'- 

tionen durch Aminosauren, Ber. deutsch. Chem. Gm,, 64, 2825 (1931). -- 389) F* G * Fineker ei uL, 
Biochemische Hydrierung. Liebigs Ann., 520, 84, 87, 530, 99 (1937). --- 340) F. CA Fmdmr, €k 
Wiedenmnn, Hydrierung ungesattigter a-Kete^uren etc. Liebigs Ann., 5 IS, 2141 520, 62, 522, 

1 (1934/30). — 341) Fischer, Chlorophyll Chem* Bev*, 20, 41 (1937)* — 342) 11* Fischer p 



BIBLIOaiiAPHY 


285 , 


B. BUumler^ tJberfuhrung von Chlorophyll derivaten in Phyllocr 3 rthrin. Sitzungsber. d. Bayr. 

Akad. d. Wisseiischaft., (Math.-Natiirwiss. Abt.) 1920, 77. — 343) IL Fischer^ €. v. Seemmnn^ 
Die Konstitution des SpirograpMshamins. Zs, phys, Chem., 242, 133 (1986). — Zs. angew, Chem., 
49, 461 (1986). — 844) IL Fischer ^ A. Treibs^ IL Zeile, Farbstoffe mit Pyrroikernen. Hb. der 
Bioohem.,Erg.Band,Jenal930,S. 72 (114). Erg. WerkBd. I, 247, Jena 1933. — U5}H, Fischer ylL 
Zeile^ Synthese von Hamatoporphyrin, Protoporphyrin und Hamin. Liebigs 98 (1929). •— 

346) jE* M. Fishberg^B, T. Bolin ^ Homogenlisic aoid: A physiol, ox, red. system, Jl. of Biol. Chem, 
97, LXXX VIII (1982), 101, 159 (1938). — 346a) K. C.Fisher, L. Irving, The effect of CO upon 
the enbryonio fish heart. Proc. Amer. Phys. Soc. 46th Ann. Meet. Amer. JL Phys., 100, 36 (1934). — 

347) B, Fiaschentrager c, s., Neuartiger Abbau der aliphatischen Kette. Zs. phys. Chem., 225, 
157, (1934); Plelv. Ciiim. Acta, 18, 962 (1935). — Zs. phjrs. Chem., 238, 221 (1936). — 348) 
Fleisehwumn, Hemmung hiologisoher Oxydationen durch Gifte. Bull. Biol. M6d. U.S.S.R., 1, 
382 (1986). — 848a) IF. Fleischmann et uL, Uber Kohlenoxydvergiftung von Insekteniarven. 
Bioch. Zs., 204, 231 (1987). — 849) l¥» Fleischmann, S* Kami, Wirkungdes Methyl enblau auf 
die Zellatinung. Bioch. Zs., 257, 298 (1983). — 350) F. W»Fox, l/f. Levy, Reversible oxidation of 
ascorbic acid. Biochem. JL, 30, 208 (1936). — 351) II, M,Fox, Chlorocruorin. Proc. Roy. Soc., 
BOO, 199 (1926). — 351a) J. Franch, F, Haber, Autoxydation der Alkalisulfite.Naturwiss., 10, 
450 (1931); Sitz.-Ber. Preuss. Akad. d. Wiss., 1031, 250. — 352) W, Franke, Gleichgewicht im 
System Peg-Hydrochinon. Liebig Ann. 480, 1, 486, 242 (1930/1). — 353) IF.Fmti/ge, Einfache und 
kompiexe Ferrosaize von Carbonsauren. Liebig Ann., 401, 30 (1931). — 354) W, Franke, Autoxi- 
dation der ungesattigten Pettsauren. I, II. Liebigs Ann., 408, 129 (1932); Zs. phys. Chem., 212, 
234 (1932). — 355) W, Franke, ZurEnergetik von Dehydrierungs-Reaktionen bioiogischen Interesses. 
Bioch. Zs., 258, 280 (1933). — ^56) W, Franke, Warmtonungen und maximale Nutzarbeiten 
biochemisch wiohtiger Reaktionen. Tab. bioL period., 5, 120 (1935). — S51) W,Frankenburgev, 
Fermentreaktionen unter dem Gesichtspunkt der heterogenen Katalyse. Ergebnisse der Enzym- 
forschung, 3, 1 (1934). -— 358) IF. Frei, Atmungsfarbstoffe bei pfianzlichen Mikroorganismen. 
Festscluift Zangger, 1, 805 (1934). — 359) L, Fresenius e, s,, Katalytische Eigenschaften der 
Mineralwasser. Zs. Anorg. Chem., 160, 273 (1927). — 359a) K, Freudenberg, Th, Wegmann, 
Der Schwefei des Insulins. Zs. phys. Chem., 233, 159 (1935). — 360) E, A, M, Friedheim, 
Potentiel d’oxydo-reduotion d ’extraits embryoniques. Soc. Biol. 101, 1039 (1929). — 361) E, A» ^ 
Mi, Friedheim, Pot. d’oxydo-r4d action de tissues des mammiSres. C. R., 180, 266 (1929). — 
362) E, Friedheim, La pyocyanine et les oxydations biologiques. C. R. Soc. phys, Geneve, 
48, Nr. 3 (1981), — ^ 363) E, A, H, Friedheim, Pyocyanine, an accessory respiratory enzyme. 
Jl. exp. Med., 54, 207 (1931). — 364) E, A, H, Friedheim, Sur la fonction respiratoire du 
pigment de Bacillus violaceus. C. R. Soc. Phys. Geneve, 40, 125 (1932); Soc. BioL, 110, 353 (1932). — 
365) E, H* A* Friedheim, Sur deux ferments respiratoires accessoires d’origine animale. C. R. Boc. 
Phys. Geneve, 40, 179 (1932). —366) .4. /J.Friecfiieim, Significance bioL de la melanogenese 

C. R. Soc. Phys. Geneve, 50, 20 (1933). — 367) A, H, Friedheim, Systeme d’oxydo-r6d rever- 
sible biolngique. 0. B. Soo. Phys. Geneve, 50, 162 (1933). — 868) E, A, II, Friedheim, Deux systemes 
d’oxydoreduction reversibles. C. B. Soo. Phys. Geneve, 50, 281 (1938). — 359) E, A, H, Friedheim, 
Fonction res})iratoire du pigment rouge de Penic. phoeniceum. C. R. Soc.BioL^ 112, 1080 (1988). — 
370)1?. /I. II, Friedheim, Ein naturliches, die Zellatmung katalysierendes Redox-System. Natur- 
wissenschaften, 21, 177 (1933). — 371) II, Friedheim, Das Pigment von Haila parthenopea, 
ein akzessorischer Atmungs-Kataiysator. Bioch. Zs., 250, 257 (1933). — 312) E, A, H, Friedheim, 
The effect of pyocyanine on the respiration of some normal tissues and tumours. Biochem. JL, 28, 
178 (1984). — 873) E, A, H, Friedheim, Natural reversible oxidation-reduction systems as acces- 
sory catalysts in respiration: Juglon and Lawson. Biochem. JL, 28, 180 (1934). — 374) E, A, II, 
Friedheim, Atmungskatalyse durch ein naturliches Redox-System. Zwischenprodukte der Melaii- 
mbildung. Schweiz, med. Wochensohrift, 65, 256 (1935). — 315) E, A, H, Friedheim, J,G, Bar, 
Untersuchungen uber die Atrnung von Diphyilobothrium latum (L.) Bioch. Zs., 265, 823 (1933). — 
376) E, A* H, Friedheim, L, Michaelis, Potentiometrio study of Pyocyanine. JL of BioL Chem., 
91, 355 (1931). — 877) €1, Fromageot, Etude physicochimique du metabolism. JL de Chim. 
Physique, 24, 513, 623 (1927). — 378) CL Fromageot, J, Roux, Bildung von HgOg durch bac- 
terium bulgarioum. Bioch. Zs., 267, 202 (1934). — 379 J,S,Fruton, Oxidation-reduction potentials 
of ascorbic acid, JL of BioL Chem., 105, 79 (1934). — 380) O, Furth, II, Eaunitz, Oxydation 
einer plijisiologisohen Substanz durch Tierkohle. Sitzungsberiohte deFtAkademie Wien (Ilb), 
138, 127 (1929); see also Amer. JL PhysoL, 00, 353 (1923). -- BBl)A,Fuj^, Wirkung des CO auf 
den Stoff wechsei der weissenBlutzellen. Bioch. Zb,, 107 , 189 (1932). — 3S2) A, Fujita, T, Kodamu, 



286 


BIBLIOGEAPHY 


Untersuchtmgen tiber Atmung und Garung pathogen er Bakterien. III. tJber Ttochrom trnci das 
sauerstoffubertragende Ferment. Bioeh. Zs., 278, 186 (1934). 383) A. Fujita, T. Kmimma, 

Sauerstoffatmung von Pneumococcus. Bioch. Zs., 277, 17 (1935). - — 384) Gaddie, C» P* Sic* 
wart^ Role of glutathione in muscle giycolysis. Biochem. JL, 29, 2101 (1935). 3S5) II. Guffmn, 

Sauerstoff-Ubertragung durch Chlorophyll und das pliotochemisolie Iquivalent-Gesetz. Ber. 
deutsch. Chem. Ges., 60, 755 (1927). ■— 386) if. Guffron^ Uber den Mechanismus der Sauerstoff- 
aktivierung durch belichtefce Farbstoffe. Bioch. Zs., 264, 251 (1933). ^386a) 11. Gufft^oU f tlber 

die Unabhangigkeit der Kolilensaureassimilation von der Anwesenheit kleiner Sauerstoflznengen und 
liber eine reversible Hemmung der Assimilation durch Kolileiioxyd. Bioch. Zs., 28(1, 337 (1935). 
— 387) P. 11. Gallagher, Substances, which are capable of behaviour as peroxydases. Biocluirt. 
JL3I8, 29 (1927). — ^HB)B.Ganassini, Funzione dello zinco in biologia. Arch. ist. biochem. Itc.L 
8, 131 (1931). — 389) A. Geiger, R61e of glutathione in anaerobic tissue glycolysis. Biochem. JL, 
29, 811 (1935). — 390) M. Geiger^Huber, Beeinflussung der Hefeatinung durch Keutralrot. 
Akademie Wet. Amsterdam Proo., 88, 1059 (1930). — 391) P. Getterots, Coloration vitale et respi- 
ration. ProtopL, 4, 67 (1928). — 392) L. Getievois, E. Smic, Action des dinitroplit'nols sur la 
levure. Soc. Biol. Ill, 181, 117, 368 (1932/4). — BdB) L D.Georgesen, Sur le pottnliel choxydo- 
r4duction des acides hexuroniques. JI. de Chim, Physique, 29, 217 (1932). — 394) II. IF. G'erercl, 
Metabolism of Sarcina lutea. Biol. Bull., 60, 227 (1931). — 395) R» Gerard, Iniluence of Me- 
tyleneblue on glycolysis. Amer. JI. Phys., 97,523 (1931). — 396) /I. IF. Gerard, Cyajiide inscnsivity 
of Paramecium. Amer. JI. Phys., 97, 524 (1931). — 397) M. Geretulas, Autoxydation des Sulfits. 
Zs. phys. Chem., 254, 184 (1938). — 398) IL Gershmowiiz, Free energy and tlie rate of ehrmica! 
reactions. JI. of Chem. Physics, 4, 363 (1936). — 399) E. G, Gertve, Spontanrous oxidation of 
cysteine. JI. of Biol. Chem. 92, 399, 525 (1931). — 440) P. IF. Getchell, /. 11. Walton, Activity of 
peroxydase. JL of Biol. Chem., 91, 419 (1931). — 401) «/. Ch* Ghosh, P. L» Ranm Chur, 
Oxydations-Reduktions-Potential der Ascorbinsaure. (Vitamin C). Zs. phys. Chem., 246, 115 
(1937). — 402) J. Oil. Ghosh, P. C. Ralsshit, Autoxydation von Ascorbinsaure. Bioch. Zs., 289, 
15 (1936). — 403) JL. J. Gillespie, Tsun Hsieti Lin: The reputed dehydrogeiuifion o! Iiydro- 
quinone by Palladium black. JI. Amer. Chem. Soc., 58, 8969 (1931). — 404) /t. €jldrner, Oxidat 
of glucose by air in the presence of iron pyrophosphate. JL of BioL (rhcim. 1 05, 705 (1034). — 404a} 
B. Gdzsy, Sm SzenUGgbrgyi, tlber den Mechanismus der Hauptatmiing des Taiil'iettlrriMiiius*- 
kels. Zs. phys. Chem., 224, 1 (1934). — 405) ILGoMhammer, Oxydation von Phenol zriit 
und Eisensalzen. Bioch. Zs., 189, 81 (1927). — 406) SI. GoMsehmklt e.»., Mechanismus d,er 
Oxydations-reaktionen des H 2 O 2 . Ber. deutsch. Chem. Ges., 61, 223 (1928); Liei'dgs Ann. §92, 
1 (1933). — 407) SI. Goldschmidt, IL Frmidettberg , Autoxj^dation von Linolemkiira. B*:r. 
deutsch. chem. Ges., 67, 1589 1934). — 4QS) SL Goldschmidt, SL Pamwz, Peroxydatfsche uwl 
katalatische Wirkimgen von Ferrosaken. Liebigs Ann. §02, 1 (1933), — 409) Al. Gompel, Action 
des anesthds. sur Loxydation de Tacide oxaiique en prfeence de charbon. Ann, de Piiys., 5, 704 
(1929). — 410) G* Gorr, Acetessi^aurebildung durch Leberbrei. Bioch. Zs., 254, 9 1931). — 411) 
M. Gradwohl, Einfluss der Beaktion auf die Oxydation von Amincmauren an Tierkohlc. Bioch. Zs., 
219, 136 (1930). — 412) P. Grande, Vorkommen von Palmitico-Dehydraso in Pflaiizcrisan.en. 
Skand. Arch. Phys., 69, 189 (1934). — 413) D. E* Green, The reduction potentials of cyst<4nt% 
glutathione and glyoylcysteine. Biochem. JL, 27, 678 (1933). — 414) IL E* Grem, Tiie potc-ritials 
of ascorbic acidBioohem. JL,27, 1044 (1933). — 4i5)B*EtGreefi ,Tlm oxidation-rediidion pf>t^ iitiuis 
of Cytochrome c. Proc. Boy. Soc.,B. 114, 423 (1934). — 416) l>. XL Greef'i, The malic deliydroge- 
nase of animal tissues. Biochem. JL, 80, 2095 (1936). — 417) II. Gremi, J* €L iJernmn, Tho 
reversible oxidation and reduction of ooenzyme L Biochem. JL, 81, 1069 (1937), — 4LS) Ih XL 
Green, J.G.Dewan,€oenzjme factor of yeast. Biochem. Ji., 82, 1200 (1938). — 4l8a)ll. E. Gremt, 
M, Bixmi, Studies on Xanthine oxidase. XI. Xanthine oxidase and laotoflavinc. Biochem, JL, 
28, 237 (1934). — 418b H* E. Green, JD. Richter, Adrenochrome. Biochem. JL tl , 596 ( 1937). »•— 
419) G* D. Greville, Fumarat© and tissue respiration. I, Effect of dicarboxylic acid ontiic oxygen 
consumption. Biochem, JL, 80, 877 (1936). — 420) G* B* l7ret^ille,Fumarateandtii«uerespiratitfrL 
IL The respiration of pigeon breast muscle dispersions. Biochem. JL, 81, 2274 (lfl37). — 431) <1# 
D, GreiMle, K* G»Stem, The reduction of dinitrophenols by redox Indicators and cnayiru^. Bio- 
chem. JI 29, 487 (1935). — 422) R* Grewe, tlber das antineuritisch© Vitamin V. Za fdiys, 
Chem., 242, 89 (1936). — 423) H. Grewe, Konstitufcion des Aneurins (Vitamin BJ. 
schaften, 24, 657 (1936)* ^ — 421) B. Grewe, Dm Anmrin' (VitmiinBi). Ergebnisfif* Ph^w., St, 
252 (1937). — 4^5) M/^tstein, Wasserioslicto Fh«phatid und Oxydasereaktiomm. Bioch. Zs., 
207, 177 (1929). — 426) Ggdrgg, Wachstumswirkung synthetischer Fiavinpraparate. Zs. I, 



BIBLIOGRAPHY 


Titaminforschung 4, 223 (1935). — 427) P. Gyorgy, R. Kuhn, Th. Wagner-^Jauregg , Vitamin 
Bg. Naturwissenschaften, 21, 560 (1938). — 42S) P. Gy&rgy, R. Kuhn, Th. Wagner-^auregg , 
t)ber das Vitamin Bg. Klin. Ws., 12, 1241 (1933). 429) P. Gyorgy, P. Kuhn,Th. Wagner^ 

Jauregg, Verbreitung des Vitamins Bg im Tierkorper. Zs. phys. Chem., 223, 21 (1934). — 430) P« 
Gyiirgy, R. Kuhn, Th, Wagner-^Jmitegg , Darstellnng von Vitamin Bg Konzentraten. Zs. phys, 
Chem., 223, 27 (1934). — 430a) £• Haias, Cytochrom. Naturwiss., 22, 207 (1934). — 430b) 
Mims, Wirkungsweise des Proteins des gelben Ferments. (Kurze Mitteilung). Bioch. Zs., 290, 291 
(1937). — 431) JE, Homs, Absorptions-spektra der Dihydropyridinverbindungen. Biooh. Zt., 
288, 123 (1936). — 432) JE. Haas, Isoiierung eines neuen gelben Ferments. Biooh. Zs., 298, 378 
(1938). — 433) P. Haas, T, G» Hill, Oxidative and reductive properties of hermidin. Ann, of 
Bot. 40, 709 (1926). — 434) P. Haber, Radikalketten in Ldsung. Naturwiss., 20,468 (1932). — 
435) P* Haber, //• Sachsse, Reaktion dampfformigen Na mit Og. Zs. phj^ik. Chem., Bodenstein- 
Festband, 1931, p. 831. — 436) P. Haber, J, Weiss, Katalyse des Hy drop eroxyds. Natur'^iss.,20, 
948 (1932). — 437) P. Haber, R, Willstdtter, Unpaarigkeit und Radikalketten irn Reaktions- 
meciianismus organischer und enzymatischer Vorgange. Ber. deutsch. Chem. Ges., 64, 2844 (1931). 
— 438) A, Hahn c.s., Einfluss des gelben Atmungs-Ferments aul die Dehydrierung. Zs. BioI., 96, 
453 (1935). — 439) -4. Hahn, W. Haartnann, Abbau von Pructosediphosphat im Muskel. Zs. 
Biol., 90, 231, 92, 364 (1931/32). — 440) A* Hahn, W. Ilaurmann c. s,, Dehydrierung der 
Bernsteins aure (Apelsaure). Zs.BioI., 87, 107, 465, 88, 91, 587, 89, 159, 90, 231, 92, 355 (1927/31). 
441)t/.B,S, Haldane, CO as a tissue poison. Biochem. JL, 21, 1068 (1927). — 442) HaU 

dane, Chain reactions in enzymatic catalysis. Nature, 130, 61 (1932). — 443) J.B. 8, Haldane, 
M* G* Stern, Allgemeine Chemie der Enzyme, Dresden, 1932. — 443a) L. P, Hammett, Some 
relations between reaction rates and equilibrium constants. Chem. Rev., 17, 125 (1935). — 444) 
JD.B* Hand, Peroxidase. A comparison with other iron-porphyrin catalysts in cells. Ergebnisse der 
Enzymforscliung, 2, 272 (1933). — 445) H. Handovsky, Oxidation of phenols by tissues. Biochem. 
JL, 20, 1114 (1926). — 448) H, Handovsky, Die Oxydations-katalytische Wirkung des Eisens. 
Zs. phys. Chem., 176, 79 (1928). — 447) JF/. Handovsky c* Action stimulante des nitrod4ri- 
vatives. Soc. Biol., 115, 1388, 118, 369; Arch, internat. Pharm., 51, 397 (1935). — 448) M* E* 
Hanke,Jm A* Tuta, Studies on the oxidation-reduction-potential of blood. JL of Biol. Chem., 78, 
XXXVI (1928). — 449) il. Hantzsch, Vher meri-chinoide Salze. Ber. deutsch. Chem. Ges., 49, 
511 (1916). — ■ 450) Harden, Alcoholic fermentation, 4. Auflage, London, 1932. — 451} M* L, 

Hare, Tyramine oxidase. Biochem. Jl., 22, 968 (1928). — 542) B, IL Hamed, Oxidations induced 
by sugars. JL of Biol. Chem., 74, XL VII (1927). — 458) H* Harrison, Catal. act. of traces of 
iron and copper on the anaerobic oxidation of SH-compounds. Biochem. JL, 21, 335 (1927). — 454) 
B. C* Harrison, Oxidations by HgOg in presence of SH-compounds. Biochem. Jl., 21,507 (1927). — 

455) !>• C* Harrison, Autocataljrtic oxidation of SH-compounds. Biochem. JL, 21, 1404 (1927). — 

456) B. €* IlaTi^son, Indophendl oxidase. Biochem. JL, 23, 982 (1929). — 457) B. €.» Hu'rrlson, 

The oxidation of hexosediphosphorio acid by an enzyme from animal tissues. Biochem. JL, 25, 1011 
(1981). — 458) B. €. Harrison, Glucose dehydrogenase: a new oxidising enzyme from animal 
tissues. Biochem. JL, 25, 1016 (1931). — 459) B. C. Harrison, The product of the oxydation of 
glucose by glucose dehydrogenase. Biochem. JL, 26, 1295 (1932). — 460) B. C. Harrison, The 
action of vitamin C on the oxidation of tissues in vitro. Biochem. Jl., 27, 1501 (1933). — 461 ) B* O* 
Harrison, Dehydrogenases of animal tissues. Ergebnisse der Enzymforschung, 4, 297 (1935). ■— 
462) B. C. Harrison, S, Thurlow, Secundary oxidations of some substances of physiological 
interest. Biochem. JL, 20, 217 (1926). — 463) B. Hartmann, tJber das Verhalten von Kohlen- 
oxyd zu Metallverbindungen des Glutathions. Bioch. Zs., 223, 489 (1930). — 484)F, Haurowitz, 
Chemie des Blutfarbstoffes. 7, Zs. phys. Chem., 169, 235 (1927). — 465) P. Haurowitz, Chromo- 
proteide, Hb, der Biochem. Erg. Werk. 1, 364 (1930). 466) F. Haurowitz, Uber die katalatische 

Wirkung des Blutfarbstoffs. Zs. phys. Chem., 198, 9 (1931). — 467) P. Haurowitz, Uber Metha- 
moglobin und seine Verbindungen mit Wasserstoffperoxyd, mit Cyaniden, Fluoriden und Sulfiden. 
Zs. phys. Chem., 232, 159 (1935). — 468) P. Haurowitz, Die Katalatische und peroxydatische 
Wirkung der Hamine. Enzymologia, 2, 9 (1937). 469) P. Haurowitz, Die Reaktion zwischen 

Hamin und Wasserstoffperoxyd. Enzymologia, 4, 139 (1937). — 470) W* N> Haworth, P. L, 
Hirst Cm Sm, Constitution of ascorbic acid. JL of Chem. Soc. London, 1933, 1270, 1419, 1934, 62, 
1556. _ 471)/. Hayashi, Einfluss der Parbstoffe auf die Gewebsatmung. Trans. Soc. Path. Jap. 
24, 312, 25, 276, 26, 701 (1934/6). — 472) G, Hecht, P. Eichholtz, PJiarmakol. Analyse des 
Carcinom Stoffwechsels. Bioch. Zs., 206, 282 (1929), — 473) H* Hellstrd^, Die Ausloschung der 
Methylenblaufluoreszens durch Eisen. Naturwiss., 24, 76 (1936). — 474) H, Hellstrdm, Zum 



288 


BIBLIOGRAPHY 


MechanismRS, der Hydrosulfitreduktion der Cozymase. Zs. phys. Cliem., 246^ 155 (1937). 475) 

St,Mm HendricitSf Refractive Indices of 1-ascorbic acid. Nature, 133 ? 178 (1934). — '475a)S. llew;** 
niehs^ Aktivitat und Eisen-Gehalt hochaktiver Katalase Praparate. Ber. deutscfi. Cliem. Ges.,59, 
218 (1926). 476) M. Henze c. s., Umwandlung der Acetessigsaure durcli Methylglj^oxal. Zs. 

: phys. Chem., 189, 121, 193, 88, 195, 248, 200, 101, 206, 1, 212, 111 (1930/32). — 477)^. IF. H, 
van lilar/e, Beeinfiussung der Atmung durch Farbstoffe. Arch, neerl. Phys., 18, 578 (1933). 478) 

IF. Heubner^ Baudisohs Befunde und ihre Bedeutung. Med. Klinik, 23, 1806 (192 1 ). 4i9) 

G. Mevesyy T. Baranowski^J, Guthke^ P. Ostem^J. M. Farnas, Acta Biol. E.xper., In Press, 
quoted by P. Ostern, T. Baraiiowski and J. Terszakowec, tlber die Pliosphorvlierimg des Adenosins 
durch Hefe, II., Zs. phys. Chem., 251, 258 (1938). — 480) L. F. Hetmtt, Oxido-reduction potential 
of hemolytix streptococci (pneumococci), Biochem. JL, 24 , 512, 1551 (1930), 481} II . F. 

Meffningen^ Inhibition of respiration by cyanide. Biochem. JL, 29, 2036 (1935). — - 482) lA lA 
Megroth^J. E. Loofbourow, Chem. constitution of vitamin Bj as deduced from UV- absorption 
spectra.. Nature, 134, 461 (1934). — 483) F.F. HeyrothyJ. R. Loofbm.iroWf Clmnmal mime of 
vitamin Bi from UV absorption spectra. Biochem. JL, 39, 651 (1936). — 484) FA S', llill, Spon- 
taneous oxidation of dialuric acid. JL of Biol. Chem., 85, 713, 92, 471, 95, 197 G9’^9/32). — 484a) 
E.S. Hillf L. Michaelis^ The effect of iron on the establishment of the oxidation-reduction potential 
of alloxantin. Science, 78, 485 (1933). — 484b) R. Hill, Chemical nature of hemochroinogen and 
its carbon monoxide compound. Proc. Roy. Soc. London, B, 100, 419 (1926). — 4So) R, Hill, Redu- 
ced hematin and hemochromogen. Proc. Roy. Soc., B, 105, 112 (1929). — 486) /?. Hill, />. Meiim, 
Porphyrin of component c of cystochrome and its relation to other porphyrins. Proc. Hoy. Soc. 
B 107, 286 (1930). — 487) R. Hill, i). Keilin, Estimation of haematin iron, and the ox-red. equi- 
valent of cytochrome c. Proc, Roy. Soc. B 114, 104 (1933). — 488) i/* Ilillemann, Beitriige ziw 
Kenntnis des Phenazins, III. Mitt. : Uber die Stellung der Methylgruppe im Pyocyanin. Ber. deutscdi. 
Chem. Ges., 71, 46 (1938). — 489) IL Hbisbevg, G* Holland, Autoxydatiori der ungwiittigten 
Fettsauren. Zs. exp. Med., 94, 471 ■ (1934). — 489a) 1\ R. Hogness, /A P# Zsclitufe, xL lASfefirell, 
EmS.G* Barron, Cyanide hemochromogen. Theferriheme hydroxide-cyanide reac^tioii: ite incjcha- 
nism and equilibrium as determined by die spectrophotoelectric mcfthod. JL of Biol. Chem., 118, 

1 (1937). — 490) E* jR. Holiday, K* G^Stem, Uber das spektrale Verhalfcen des Photo -fiav ins, dc^ 
Alloxazins und verwandter Verbindungen: Einfiuss der Wasserstoff-Ionen-Konzeiitration und der 
zweistufigen Reduktion. Ber, deutsch. Chem. Ges., 67, 1352 (1934). — 491) P* Holtz, Induktion 
der Ascorbinsaure auf die Oxydation von Zucker. Arch, fiir exp. Path. 182, 82, 109 (1936). — 492) 
P* Holtz, Ascorbinsaure als Oxydations-katalysator ungesiittigte P^ettsiiuren. Arch, fdr exp. Patiu, 
182, 98 (1936). *— 493) F. Holtz, Reduktions- und Oxydafcions-'Wirkiing bestraidter ZikIwt, 
Arch, fur exp. Path., 182, 141, 160 (1936). — 494) P. Holtz, Uber den Mechaiiisimis dt‘s ! Ibtidinub* 
baus durch Ascorbinsaure und TMoglykolsaure. Zs. phys, Clnuin, 250, ST (1937). 495) P. 

Holtz (O- Triem), Histaminbildung durch Ascorbinsaure. Natiirwiss., 25, 14, 251 (1937). 4!I6) 

X C*Hoogerheide, La reaction de Pasteur. Ann. de Perm., 1, 385 (1935). 497) lAGA iiopkinH, 

On current views concerning the mechanism of biological oxidatioin Skand. Arch, I’hys., 49, 33 
(1926). — 498) P* Gm Hopkifis, C^EUiott, Relation of glutathione to cell n^spiration. Proc. 
Roy. Soc. B 109 , 58 (1931). — 499) P. G. Hopkins, E.J. Morgan, Some relations bel\\een 
bio acid and glutathione. Biochem. JL, 30, 1446 (1936). — 5U0) 1\ inmi, Koiistitulion des Oryza- 
nins (Vitamin Bj). Zs. phys. Chem., 243, II (1936). — 500a) L M. immes, ROie of the 4 earbon 
dicarboxylic acids, in muscle respiration. Biochem. JL, 30, 2040 (1931.). — 501) iL Moil, Xanlhhi- 
oxidaseand catalase, Jl. of Biochem., 22, 139 (1985). — 502} IF CA IIA Ikmaik, 

Isolation of the anti-beri-beri Vitamin. Proc. Akad. Wet. Amslmlam, 29, 1390 (IJiSti). -- 502u) 
Jen, liia^Khwe, IL Alyea, A comparison of organic inhibitoi's in chain reaclion-. JL Ainer. 
Chem. Soc., 55, 575 (1933). — &b^)BT^Jirgetmmis, Allgemeine Principien und Wesen cheiuiw'hiT 
Bindung. Zs. Fliektrochem., 35, 352, 473, 477 (1929). — 504) GLAMohnsmi, Peroxidase activity of 
hematine. Arch, of Path., 16, 667 (1923). — 505)S* WMoimsmi,S*S^ Miim, Oxidation n! l-aacor* 
bic acid. Biochem. JL, 31, 438 (1937). 506) BmJohmon, A. Litzinger, Rchcarch on P,yri» 

midines. Science, 1936, II, 25; JL Amer. Chem. Soc., 58, 1936 (1936). — 507} IF. IKJoris^m, 
P*it*^. van derBeek, Oxydation de ia benzaldehyde, R4c. Trav. Chiriu, 45, 215, 4§, 42, 17, 
286 (1926/8). — 508) IF. R* Jorissen, A* H^ Belinfante, Inducierte Oxydation der Mikthsliiire. 
Chem. Weekbkd, 30, 618 (1933). --- 509) E.Jorpm, IL v. Etder, R. MIshoh Cmjmme VI I L 
Zs. phys. Chem,, 155J 137 (1026). — 510) IL Jost, Mllclisaurebildimg in der atniendeii Zelle. 
D.Phys. Ges., 1036. Jowett,JmHm Qmmtel, Studies in fat meta holism: I. Biochem. JL, 

29, 2143 (1985). ^ — 5l2) M*Jomett,Jn H* Qumtel, Studies in fat Metabolkin : IL The oxidation of 


BIBLIOaRAPHY 


289 


normal saturated fatty acids in the presence of liver slices.. Biochem. JL, 20, 2159 ' (1985). — 518) 
M® Joweitf eJ® M® Qmmstelf Studies in fat metabolism: III. The formation and breakdown of 
acetoaoetio acid in animal tissues. Biochem. Jl., 29, 2181 (1986). — 514) Ph.-.J^^et’^lmvergnef 
Catalyse des Oxydo-r6ductions dans la celle vivante. Protopl.,2S, 50 (1985). ■— 515) Kuimms^ 
Atmung von Paramacium. Zt. vergl. Phys., 7, 314 (1928). — 516) F. Murrer e. s., Vitamin G. 
Helv. Chim. Acta, 12,. 302 (1933), 17, 58 (1934). — 517) F. Earr&t e. s®, Zur Kenntnis des Vita- 
mins C. Helv. Chim. Acta, 16, 1161 (1933). — 518) F. Emrer €. SynthesenvonPlavinen. 
Helv. Chim. Acta, 18, 69, 72, 426 (1935); Ber. deutsch. Ohem. Ges., 68, 216 (1935). — 519) F® 
EmnteTy fiber das Verhalten der Ascorbinsaure gegen Nitrate und Nitrite, Helv. Chim. 

Acta, 17, 743 (1934). — 520) F. Earrer, F^BenZy fiber Reduktionsprodukte des Nicotinsaure- 
amid-jodmethylats. Helv. Chim. Acta, 19, 1028 (1936). — 521)F. EarreTyF,FreiyM,Me&tweiny 
Zur Konstitution der Laoto-Plavin-phosphorsaure aus Leber. Helv. Chim. Acta, 20, 79 (1987). ~ 
622) F. Earrery F* FveiyB* JOF. Ringievy M^BendaSy Lactofiavin-phosphorsaure-ademn-nucleotid 
aus Leber und das Coferment der d-Alanindehydrase. Helv. Chim. Acta, 21, 826 (1988). — 523) 

F, EmrreTy. T. EUhnery M* Salmmmy F. Zehendery fiber den Liehtabbau der Flavine. Helv. 

Chim. Acta, 18, 266, 480 (1935), 19, 26 (1936). 523a) P. Eurrery L. IMwey IL Muhfwr^y 

Konstitution des Astacins, Helv. Chim. Acta, 18, 96 (1984). — 524) F® Earrery II. F. Meerwemy 
Synthese des Laotoflavins und 6, 7-Dimethyl-9-(l’-arabityl)-i80-alioxazins. Helv. Chim. Acta, 19, 
264 (1986). — 525) F. EarerTy B* H. Ringiery J» Bimhiy H. Fritzsehey U, Solmssemy Modell- 
versuche betreffend die wasserstoffiibertragenden Wirkungsgruppen der Cofermente. Helv. CMm. 
Acta, 20, 55 (1987). — 525a) F. Ean^eVy Salormmy E» Sehoppy Isolierung des Hepaflavins. 
Helv, Chim. Acta, 17, 419 (1934). — 526) F. Earrery B, Salomon y E^SchoppyE, SehlittieTy 
M* Fritzschey Ein neues Bestrahlungsprodukt des Laotoflavins: Lumichrom. Helv. Chim. Acta, 
17 , 1010 (1934). — 527) F. Earrer, SaRmwny E. Schoppy E^ SchliUlery Synthese Lacto- 
fiavin-ahniioher Verbindungen. Helv. Chim. Acta, 17, 1165 (1934). 528) F. EarreryF.Schlenky 

M*Vb Euler y fJber die Binwirkung von Hypojodit auf einige Pyridiniumbasen. Ark. f. Kemi, 12B, 
Nr. 26 (1936). — 529) F. EarreTyE. SchliUlery E»PfahleryF. Benz, Weitere Synthesen Laeto- 
flavin-ahnlioher Verbindungen. IL Helv. Chim. Acta, 17, 1516 (1934). ■— 530) F. Eavvery G, 
Sehwarzenbaehy F. Benz, Solmsseny fiber Reduktionsprodukte des Nicotinsaure-amid- 
jodmethyiats. Helv. Chim. Acta, 19, 811 (1936). — 530a) F. Earrery G* Sehwarzenbaehy E» 
Sehoppy Redoxpotentials of Ascorbic Acid, Helv. Chim. Act. 16, 302 (1983). — 531) F. Earrery 

G. Sehtvarzenbachy G* E* Gtzingevy Dihydro-pyridinverbindungen: 4. N-Phenyl-o-dihydro- 

pyridin und N-p-Methoxyphenyl-o-dihydro-pyridin. Helv. Chim. Acta, 20, 72 (1937). — 532) 
F. Earrery O. IFarfetcrgr, Jodmethylat des Nicotinsaureamids. Bioch. Zs., 285, 297 (1986). 538) 

If. EatZy Magnet. Unterss. an organ. Radikaien. Zs. Physik, 87, 288 (1938/84). — 534) W. Eeily 
jS-Oxydation der S -Amino -valerians aure. Zs. phys. Chem., 172, 310 (1927). — 535) B* Eeiliny 
On cytochrome, a respiratory pigment. Proe. Roy, Soc., B, 98, 312 (1925). — 586) F. Eeiliny 
Comparative study of haematin and its bearing on Cytochrome. Proc. Roy. Soc.B, 100, 129 (1926). 
— 587) F. Eeiliny Influence of Co and light on indophenol oxidase of yeast cells. Nature, 119, 
670 (1927). — 588) F. Eeiliny Cytochrome and respiratory enzymes. Proc. Roy. Soc., B 104, 206 
(1929). — 589) F. Eeiliny Cytochrome and intracellular oxidase. Proc. Roy. Soc. B. 106, 418 
(1930). — 640) F. Eeiliny Cyiochrome and intracellular respiratory enzymes. Ergebn. der Enzym- 
forschung, 2, 239 (1933). — 541) F. Eeiliny Supposed direct spectroscopic observation of the 
„oxy gentransporting ferment”. Nature, 132, 788 (1933). — 542) F. Eeiliny Cytochrome and the 
supposed direct spectroscopic observation of oxidase. Nature, 133, 290 (1934). — 543) F. Eeiliny 
Action of NgNa on catalytic oxidation reactions. Proc. Roy. Soc. B 121, 165 (1986). — 544) F. 
Eeiliny M4canism de la respiration intracellulaire. Bull. Soc. Chim. Biol. 18, 96 (1936). — 545) 
F. Eeiliny E* F» Bartreey The combination between methaemoglobin and peroxides: Hydrogen 
peroxide and ethyl hydroperoxide. Proc. Roy. Soc. London B 117, 1 (1935). — 546) F. Eeiliny 
E* F. Bartreey Uricase, amino acid-oxidase, and xanthine oxidase. Proc. Roy. Soc. B, 119, 114 
(1986). — 647) F. Eeiliny F. F. Bartreey Coupled oxidation of alcohol. Proc. Roy. Soc. B 119, 
141 (1936). — 548) F. Eeiliny E* F. Bartreey On some properties of catalase haematin. Proc. Roy. 
Soc. London, B 121, 173 (1936). — 548a) F. Eeiliny E. F. BaHreOy Preparation of pure cyto- 
chrome c from heart muscle and some of its properties. Proc. Roy Soc. London, B 122,298 (1937). 
549) F. Eeiliny E. F. Bartreey On the mechanism of the decomposition of hydrogen peroxide by 
catalase. Proc. Roy Soc. Lond. B 124, 397 (1938). — 550) F. Eeiliny E. F® Bartreey Cytochrome 
a and cytochrome oxidase. Nature, 141, 870 (1938). — 550a) F® Eeiliny E^F* Bartreey Cyto- 
chrome oxidase. Proc. Roy. Soc. London, B 125, 171 (1938). — 551) F. Eeilihy T. Mawdy On the 

Oppenheimer-Stern, Biological Oxidation. 


290 


BIBLIOGBAPHY 


liaematin'eoiEpoBaci of peroxidase. Proc. Boy. Soc. London, B 110 (19^7). — 552) 

TmMrnnn^ Polyphenol oxidase. Proc. Boy. Soc. Lond. B 125 ^ 187 (1938). — BBB) Mm Mekimck^ 
Km Om PeSBrseUf PhyBico-ohemioal characteristics of the yellow enisyme. Biochem. JL, 2201 
(1936). 554) KBUie^S^Sm Zilva, The catalytic oxidation of ascorbic acid. Biochem. Jl., 2t^ 
1028 (1985). — • 555) IF. Kemprwr^ Wirkting von Blansanre tind Kohlenoxyd anf die Bnttemaiire« 
garnng. Biooh. Zs., 257, 41 (1938). — 556) IF. K&mpneTj Chemical nature of the oxygen-trans- 
ferring ferment of respiration in plants. Plant Ph37s., 11 , 605 (1936). — 556a) If'. Kewipmer^ Effect 
of oxygen tension on cellular metabolism. Ji. Cell, and Comp. Ph 3 ?s., 10^ S39 (1937). — 557) IF, 
Mempner^ F. Mt^owitz, Wirkung des Lichtes auf die KoHenoxydhemmung der Buttersaure- 
garung, Bioch. Zs., 266, 245 (1933); 274, 285 (1934). — 558) E. Cm KemAmU^ Em Oxi- 

dation of cobaltouS' cysteine. Jl. of Biol. Chem., 91, 435 (1931), — 559) Em Em KBnAMil^EmPmMwdf 
Beversible oxidation-reduction systems of cysteine-cystine and reduced and oxidized glutatMone. 
JL of Biol. Chem.,' 69, 295 (1926). — - 560) Em €. Kendall^ E. im Witzmrrnnn^ Potentiornetric 
study of epinephrine. Jl. of Biol. Chem., 74, XLIX (1927). — 561) tl. KeMfwr ^ Zur Theorie der 
Oxydationsprozesse. Ber. deutsch. Chem. G^., 65, 705 (1932). — 561a) Kewiwv*^ Correlation of 
the yellow oxidation ferment with Warburg’s co-ferment. Nature, 139, 25 (1937). — 562) M. S* 
MM&Tusch C.S., Metal catalysis in biological oxidation. JL of Biol. Chem., 113, 537 (1936). — 
563) IF. Messling^ O. Meyerhaf^ tJber eine Dinucleotidphosphorsaure der Hefe. Naturwiss., 26, 
13 (1938). — 563a) Hm W. Kinnersley^ J. Mm Am Peters^ Improved yields of vitamin 

Biochem. JL, 29, 716 (1935). •— 564) Mm W. Eifmersle§f J. Mm O’Brlm, Mm A* Peters^ The pro- 
perties of blue fluorescent substances formed by oxidation of vitamin Bj ( Quinociiromes), Biochem, JL, 
29, 2369 (1935). —565) JBT. IF. Kinnersley^ Mm Am Peters ^ Vitamin and Co-carboxylase. Chem. 

and Ind., 66, 447 (1937). — 566) JBr. Kiseh^ Omegakatalyse der Dioxyphenylalamn-oxydation. 
Bioch. Zs., 220, 92 (1930). — 567) Br. Kisch^ BeeMinmvmg dei Gewebs-Atmung dureh Amino- 
sauren, Bioch. Zs., 238, 351, 242, 26, 436, 244, 451, 459, 247 , 365 (1932). — 568) Bn 
Oxydative Desaminierung der Aminos auren durch Methylglyoxal. Bioch. 257,334 (1933). — 
569) Bn Kischf Cyanempfindiichkeit der Atmimg verschiedener Gewefoe. Bioch. Zs., 263, 75 
(1933). — 570) Bn Kischf Steigerung der Gewebs- Atmimg dutch kleine Cyanmengen. Bioch. Ze., 
263, 187 (1933). — 571) Bn Kischf Nicht enzymatische Zwischenkatalysatoren. Hb. der Biochem. 
Erg, Werk, (Jena), 1, 563 (1933). — 512)Brm Kisek^BemUmsnng des Gawebs-Stoffweohsels durch 
optisch-aktive Aminosauren. Bioch. Zs., 280, 41 (1935). — 578) Bn Kischf Aminodehydrasen im 
Tierkorper. Bnzymoiogia, 1, 97 (1986). — 574) Bn Kiseh e. s., Autokatalyse der Acirenaliaoxl- 
dation. Bioch. Zs., 220, 84, 92, 370 (1930). — 575) Bn Kiseh et O-Chinone als B'ermerit* 
modelle. Bioch. Zs., 242, 1, 21, 244, 440, 247, 371, 249, €3, 250, 135, 252, 380, 254, 148, 267, 
89, 334, 259, 455, 263, 98, 268, 158, 271, 424 (1931/4). — 576) B. BMw/elter, Lyochroma. 
Chem. Ztg., 69, 445 (1935). — 577) Am J Jj^ugwr^ Chemical activity of micro-organkins. London 
1931. — ' 578)AmJm Kluyver^ Nieuwe Onderz. , . . Chemfeine der Ademhaling, Chem. Weekblad., 
31, H. 18 (1934). — 579)i4. J* Mugver^Jfm Cm MmgerheMe^ Influence of monojodoacetk acid on 
yeast. Proc. Akad. Wet. Amsterdam, 36, 596 (1933), 580)^- X Etugmr^Jm €» MmgerheMep 

Beziehungen zwischen den Stoffwechseivorgangen von Helen und Miichsaurebakterien und clem 
Bedoxpotential im Medium, Enzymologia, 1, 1 (1936). — ■ Akad. Wet. Amsterdam Proc. S9, 3 
(1936). — 581) Fm Kmopp Oxydationen im Tierkorper. Stuttgart 1931. — 582} F. Ene^opf An- 
geblicher Nachweis einer a-Oxydation von FattsHuren. Zs, phys. Chem., 209, 277 (1932). — 683) 
Fm Etmopy Cm MartiuSp Bildung von Zitronenstoe. Zs. phys. Chem., 242, I (1936). — 584) 
Mm Robert p Beitrage zur Kenntnis der Methamoglobine. Arch. G«. Physiol., 82, 603 (1900). — 
585) Gm Kbgelp Reduktions-BesoMeunigung des' Methylenblaus am Licht dureh Biwew. Sirahl- 
©ntherap. 42, 384 (1931). — 586) F* KBglp Pilz- und Bakterienfarbstoffe. Handbtich d. Pfkn»n* 
analyse, Wien, 3, 1410 (1932). — 586a) F* B%1, J* Jmi^stowskpp Ober das griMe Stoffwecliseh 
produkt des Bacillus Chlororaphis, Liebigs Ann., 480, 280 (1930). — 587) 1. ilf* Iferr, Oxidation- 
reduction potentials in heterogeneous s-ystems. Jl. Cell, and Comp. PhysioL, 11, 233 (1988). — 588) 
IF* KosehmMp Gber die Einwirkung von Licht auf Lyochrome. &. phys. Chem., 229, ICIS (1984). — 
589) B. Rrahp Gber die Schwermetallnafcur der Zelifermente. Bioch. 219, 432 (1980). — 690) 
Mm Em MraMp Gm Mm Am CloweSp Dinitrophenol stimulation of r^piration, Proc. Soc. Exp. Biol. 
32, 226 (1934), — 591) Mm Em KimM, G* Mm Am CioweSp Act. of dimtroor^ol on yeast. Jl,. Aiuer. 
Chem. Soc., 57, 1144 (1935), — 592) M. E KraMp G* Mm Am Ctowe&p Studies on oell metaboHsm 
and cell division. II. Stimulation of cellular oxidation and reversible inhibition of cell division by 
dihalo and trihalophenols, JL gen. Phys., 20, 173 (1936). — 593) MmAm Mr^Sp Gbar die Roll© dar 
Schwermetalla bei der Autoxydation von Zuckerldsungen. Bioch. Zs,, 189, 377 (1927). — 594) 


BIBLIOGRAPHY 


291 


m A. Krebs-, Uber die Wirkung von KoMenoxyd nnd Licht mi Haminkatalysen. Bioch. Zs., im, 
347 (1928). — 595) H.A. Krebs, tJber die Wirkung des Kohlenoxyds auf Haminkatalysen nach 
M. Dixon. Bioch. Zs., 201, 489 (1928), ~ 596) B. A. Krebs, tJber die Wirkung von KoMenoxyd 
imd Blausaure auf Hamatinkatalysen. Bioch. Zs., 204, 822 (1929). — 597) If. A. Krebs, Wirk. 
der Schwermetalle auf die Autoxydation der Alkalisulfide und des HgS. Bioch. Zs., 204, B4S 
(1929). — 598) JEf. A* Krebs, Dber Hemmung einer Hamatinkatalyse durch Schwelelwasserstoff. 
Bioch. Zs., 200, 32 (1929).' — 598a) Krebs, Versuche iiber die proteolytische Wirkung des 
Papains. Bioch. Zs., 220, 289 (1930), 288, 174 (1931), — 599) H.A. Krebs, tJber die Wirkung der 
Monojodessigstoe auf die Zeilatmung. Bioch. Zs., 284, 278 (1931). •— 600) JET. A. Krebs, Unter- 
suchungen iiber den Stoffwechsel der Aminos aurenim Tierkorper. Zs, piiys. Chem., 217,191 (1933). 
™— 601) H.A» Krebs, Weitere Untersuchungen iiber den Abbau der Aminostoen im Tierkorper. 
Zs. phys. Chem., 218, 157 (1933). — 602) jHT. A, Krebs, Grosse der Atmung. Hb. der Biochem. 
Erg. Werk, 1, 868, (Jena 1933). — 603) MmA^ Krebs, Metabolism of amino acids, Biochem. JL, 
2O5 1620, 2077 (1935). — 604) M, Am Krebs, Metabolism of amino acids and related substances. 
Ann. Rev. of Biochemistry, 5, 247 (1986). — 605) JEf. Am Krebs, Intermediary metabolism of car- 
bohydrates. Nature, 188,288 (1936), — 606)fi.:4. Krebs, Dismutation of pyruvic acid in Gono- 
coccus. Biochem. Jl., 81, 661 (1987). — 607) HmA, Krebs, The intermediate metabolism of car- 
bohydrates. Lancet, 288, 736 (1987). — 608) Jf.il. Krebs, c. Stoffwechsel der Aminosteen. 
Klin. Ws., 1082, 1744. — 609)if. Al. Krebs, WmA.Johnsmi, Metabol. of Icetonic acids. Biochem. 
Jl., 31, 645 (1937). — 610)M.A. JSrebs, W. A. Johnson, Aceto-pyruvic acid as an intermediary 
metabolite. Biochem. JL, 81, 772 (1937), — ^ 611)H. Jl. Krebs, Wm A* Johnson, The role of citric 
acid in intermediate metabolism in animal tissues. Enzymologia, 4, 148 (1987). — 612) JP. Kubo<-> 
witz, Die Hemmung der Butt ersauregarung durch KoMenoxyd. Bioch. Zs., 274, 285 (1934). — 612a.) 
Km Kubozoitz, KoMenoxyd-ferrogiutathion. Bioch. Zs,, 282, 277 (1935). — 613) Fm Kubotmtz, 
tJber die chemische Zusammensetzung der Kartoffeloxydase. Bioch. Zs., 202, 221 (1937). — 614) 
JP* Resynthese der Phenoloxydase aus Protein und Kupfer. Bioch. Zs., 206, 443 (1988).-— 

615) Fm Knbowitz, Spaltung und Resynthese der Polyphenoloxydase und des Hamooyanins. 
Bioch. a., 200, 32 (1988). — 616) JP. Kubowitz, Em Mom, Ausbau der photochemischen Methoden 
J5ur Untersuchung des sauerstoffiibertragenden Ferments. (Anwendung auf Essigbakterien und 
Hefejsellen). Bioch. Zs., 255, 247 (1932). — 617) JL. Th. EMeMin, Neue Theorie der Zelioxydation. 
Chem. Weekblad, 28, 874 (1931). — 618) Am Th* Kuchlin, Die Penton’sche Reaktion. Bee. Trav. 
Ghim. 51, 887 (1932) Bioch. Zs., 261, 411 (1983). — 619) Am Th. Kii€hMn, J. B&seken, Oxi- 
dation of some carbohydrates by HgOg, R4c. Trav. CMm. 47, 1011 (1928). — 620) Th. A» KiiehMn, 
Jm Boeseken, Die Bedeutung der Peg und Fea-Komplexe von Kohlehydraten und Poiyalkoholen 
flir den Mechanismus der Fentons chen Reaktion. Proc. Roy. Acad. Amsterdam, 82, 1218 (1929). — 
621)J. Kilhmm, t)ber den Abbau der Qxy butters Sure durch Ferment e der Leber. Bioch. Zs., 

200, 29 (1928). — 622) J. Kiihnau, tJber den Mechanismus der Verkniipfung von Fett- und 
KoWenhydratabbau in der Leber. (Bin Beitrag zur Kenntnis biologiseher Redoxpotentiale. Bioch. 
2b,, 248, 14 (1931). — 623) J* Kuhnau, Bildung von Dicarbons aure aus Acetessigsaure. Intern. 
Physiol. Kongr. Roma 1932. — 624) Kuhmm, Fette im Stoffwechsel. Hb. der Biochem. Erg. 
Werk, 8, 660, Jena 1935. •— 625) F. M. Kim, Zuckeroxydation mit Luft-O^ und HgOg. Bioch. Zs., 
215, 12 (1929). — 626) R. flwliw, tJber die Wirksamkeit und Specifitat von Eisenkatalysatoren. 
Zs. Angew. Chem., 45, 358 (1982), — 627) B. Iftilift, Natural colouring matters related to vitamins. 
Jl. of Soc. Chem. Ind., 52, 981 (1933). — 628) B. Kuhn, Flavine. IX. Gongr. internac. de Quim. 
Madrid 1984, — 629) R* Kuhn, Synthetic compotmds with vitamin Bg action. Nature, 185, 185 (1935). 
— 680) B* Kuhn, Les flavines. Bull. Soc. Chim. Biol., 17, 905 (1985). — 631) B* Kuhn, Lacto- 
Bavin (Vitamin B^). Zs. Angew. Chem., 49, 6 (1936). — 632) R. Kuhn, Reduktions-Stufen des 
Lactoflavins. Zs. Angew. Chem., 50, 221 (1987). — 688) B. Kuhn, „Hilfe-stoff0” der organischen Syn- 
these. Chem, Ztg., 61, 17 (1987). — 634) B* JKmIiw, Wirkstoffe in der belebten Natur, Naturwfes., 
25, 225 (1987). — 635) B. Kuhn, Fm Bar, Zum photochemischen Verhaiten des Lacto-flavins; 
Modell- Versuche in der Chinoxalin-Reihe, Ber. deutsch. Chem. Ges., 67, 898 (1934). 636) 

Mm KtJm,PmBmdanger,Bemehxmgen zwischen Reduktions-Oxydations-Potential und chemischer 
Konstitution der Flavine, Ber. Deutsch. Chem. Ges., 69, 1557 (1936). — 687) B. Kuhn, P. Bo««« 
Rmger, Uber die Giftigkeit der Flavine. Zs. phys. Chem., 241, 233 (1986). — 688) B. Kuhn, Lm 
Brann, Abhangigkeit derkatalatisehenundperoxydatischen Wirksamkeit des Fe von seiner Bindung. 
Ber. Deutsch. Chem, Ges., 59, 2870 (1926). — 639) B. Kuhn, LmBrarm, tJber die katalatische 
Wirksamkeit verschiedener Blutfarbstoffderivate. Zs. phys. Chem., 168,27 (1927). 640) Rm Kuhn, 

Pm Besnuelle, tJber die AminosS-uren des gelben Ferments. Ber. Deutsch. Chem. Ges., 70, 1907 



292 


BIBMOaBAFHY 


(19S7). — 641) H. Muhn, P. Besuueile, Zm Bestimm'ung von Sulfliydrylgriippeii in Proteiiieii, 
Zs. phys. Ciiem., 251, 14 (1988). ~ 642) B. Muhn.P. BmmmelU, tiber'die Isolmmng von Arginiii 
Histidin, Lysin, Glutaminsanre und Asparaginstoe aus gelbem Ferment. Zs. pbys. Giiem., 251, 
19 (1988). — 648) R. Muhn^ F* Bemuelle^ Uber die Bindung von Silberionen diircli das geibe 
Ferment und, dessen Eiwei^komponente. Zs. phys. Chem., 251, 28 (1988). — 644) R» Kmim^ 

' W. Frunke^ tlber' das Redox-Potential des Porpbyrexids und des Porpliyrindins. Ber. ^Deuteeli. 
Ohein. Ges., 68, 1528 (1985). — 645) B. Kuhn, P. Gijorg^, Th. IW&gner^mm^gg . tiber eine 
neue Klassevon Naturfarbstoffen. (Voi. Mitteil.) Ber. Deutscli. Clieni. Ges., 66, 817 (1983). 
der Ka^er Wilhelm- Gesellschaft, 2, Nr. 1/4 (1988). 646) B* Kuhn, P. GgiSrgg, Tk. Wugmer^ 

^uuregg, Gber Ovoflavin, den Parbstoff des Eiklars. Ber. Deutsch.^ Chein. Ges., 66, 576 (1933). — 
647) B. Kuhn, F. Gyorgy, Th. Wagner^auregg, tJber Lactoflavin, den Farbstoff der Molke. 
Ber. Deutech. Chem. Ges., 66, 1084 (1938), 67, 1770 (1984). — 64S) B. Kuhn, B.IL Maiicf, M. 
FlorMfi,'Die Fermente der Zellatmung. Naturwiss., 19, 771 (1981). — 649) B* Kuhn , il#B* ffoiiif, 
M.FtorMn, tJber die Natur der Peroxydase. Zs. phys. Chem., 201, 255 (1981). — 650) iL Kiiim, 
F. KUhler, L* Kohler, Methyloxydationen im Tierkorper. Zs. plij*®. Chem,, 242, 171 (1986). — 
651) B. Kuhn, J. €• Lyman, tJber das Redox-Potential des Murexids. Ber. Deutsch. Chein. Gef., 

69, 1547 (1986). 652) B. Kuhn, K Meyer, Autoxydation des BenKaldehyds. Naiurwi^s., 16, 

1028 (1928). 658) B. Kuhn, K Meyer, Gber kataljdlsclie Oxydationen mit Hainin. Zs. phys 

Chem., 185, 193 (1929). — 658a) B. Kuhn, G. Mermizi, Gber die Diisoriatioiiskonsianten der 
Flavine; ph-Abhangigkeit der Fluores25ens. Ber. Deutsch. Chem, Cmbs., 67, 888 (1984). — 654) B. 
Kuhn, G, Moruzzi, tJber das Reduktions-Oxydations-Potential des Lacto-flavins und seiner 
Derivate. Ber. Deutsch, Chem. Ges., 67, 1220 (1984). — 655) B. Kuhn, lu Reinemmui, tl^er die 
Synthese des 6.7.9.-Trimethyl-flavins (LumilactoHavins), Ber. Deutsch. Chem. Ges., 67, 1982 
(1934). 656) B, Kuhn, K Reineniund, Weygmid, Synthese des Lumi-iactofkvins. Ber. 

Deutsch., Chem. Ges., 67, 1460 (1984). — 657) B. Kuhn, K. Eeinemimd, IL .Itnlferliiiiill, K 
Striabele, Mn Trisehmmnn, Synthetisches- 6,7.-Dimefchyl-9-d-ribo-flavin. Nal urwissM 2*1, 
(1935). — 658) R^ Kuhn, K Rekwmmid, F* IWeygand, KSirebeie, Tber dir* Syntiiese dm 
Laotoflavins. Ber. Deutsch, Chem, Ges., 68, 1765 (1985). — 659) B. Kuhn, 11* Rmiy, t-ber den 
alkali-Iabilen Ring des Lacto-flavins. Ber. Deutsch. Chem,. Ges., 67, 892 (1984), CICIO) IL Mmim, 
M*Eudy, Gber den alkali-labiien Ring des- Lacto-flavins ; Monometliyl- und Dimethylverliiiidimgcn. 
Ber. Deufech. Chem. Ges., 67, 1125 (1984). — 661)11* Kuhn, II* Mudy^ Cher die Komlit.iilhui 
des Lumilactofiavins (Vorl. Mitt.). Ber. D-eutseh. Chem. Ges., 67, 129S (1984). — 662) II* ICiiliii, II* 
Rudy , BjnthetiBche Vitamin-Ba-Phosphorsa-ure. Ber. Deutsch. Chem. Ges., 68, 888 |J985). 

R* Kuhn, M* Rudy, Katalytisehe Wirkimg der Lactofhmii-5'-phosphoi’siliirc; Synthese des gelbt'i'i 
Ferments. Ber. Deutsch. Chem. Ges., 69, 1974 (1986). — - 664) IL Kmim, II* Rudy, Lacf'ufhiviii 
, als Co-Ferment; Wirkstoff und ,1’rager. Ber. Deutsch. Chem. Ges., 69, 2557 (1986). — 665)11* ICiiliii, 
H.B«i«l^,.Wacbsturos-Wirkung vonFiavInphosphorsaure. Zs. pliys. Chtun,, 289, 47 (!986). "-*666) 
B. Kuhn, 11 * Rudy, Th* Wagtmr-^dmuregg , Cber Lactofkvin, (Vitamin Ih). Ber. Dinitsch. Clicin. 
Ges., 66, 1950 (1988). 667) M. Kuhn, M* Rudy, F* n'eygand, (;ber die Kiicker-iihnliehc Suit cm 

kette des Lactoflavins. Ber. Deutsch. Chem. Ges., 68, 625 (1985). — GOH) IL Kmim, iL Rudy, iL 
Weygand, Synth. der'\LactofIavin-5'-phosphorsaura. Ber. Deutsch. Chem, 69, 1548. 1974 
(1986). — 669) B. Kuhn, IL Rudy, F* Weyg€mdf Gber die Bilduiig ernes kuristlichen Ferrmfiitw 
aus 6,7-Dimethyl“9-l-Arabofiavin-5'*Phc«phor8aura, Ber. Deutsch. Chem. 69, 2084 (1981?). 

670) B* Kuhn, liL.ScMf*,,Pyocyammum-perchlorat..Ber. Deutsch. Chem, Go?., 68, 1587 

671) B* Kuhn, R» Strdbele, abet Vero-,- .CHoro- und Bhodo-flavine. Ber. Detitsidu Cheim GcMm 

70, 753 (1987). — 672) B* Kuhn, B* Valkd quoted in B* Kuhn 4- M. Sehdn, Pyoeyaniniiiin 

percMorat, Ber. Deutsch. chem. Ges., 68, 1588 (1985). -- 678) B* Kuhn, 11* Veiier, TIdochrnm. lier. 
Deutsch. Chem,. Ges., 68, 2875 (1935). 674) B. Kuhn, Th* Wagmer^muregg , IJljcr dk? iiiw 

BMar und Milch isolierten Flavine. Ber. Deutsch. Chem, Ga,, 66, 1577 (1988). 675} If* Kuhn, 

Th* Wagnmr-^auregg, tiber das Reduktions-Oxydatiom-Verhaiten imd eine Far break! ion dm 
Lacto-flaviiB (Vitamin B^). Ber. Deutsch. Chem. G«., 67, 861 (1984). — 670) If* Mmlm, Tk* 
WmgnBr*>Jauregg, M* Kaitsehmitt, Dber die Verbreitung der Flavine im FfkimenreiclL Ber. 
Deutsch. Chem. Ges., 67, 1452 (1984). — 677) B. Knhn, Th* W€$gtmr^Immmg§ , F* 11^7 ‘tmi 
Mkweren, M* Vetier, Dber einen gelben, schwefelhaltigen Farbstoff aus Hefe, 7m. phyg. Chem., 2S4, 
196 (1985). — 678) B. Kuim,A» Wmsermmm, Die Abhingigkeit der katalatisehen unci oxyciafci- 
van Wirkung des Eisens von seinem Adsorptions- Zustand, Ber. DeutBch. Chem. G«., 61,1550 (192B). 

— 679) B. Kuhn, A* Wmsernmnn, Kompiexblidung und Katalysa. Liebigs Aim. 50i, 208 (1983). 

— 680) B* Kuhn, A* Wmsernmnn, Einfluss von Graphit auf die Hydroperoxyd^eiBeiaurigdureli 


BIBLIOGRAPHY 


29S 


Bisen. Liebigs Ann. 50S, 232 (1933). — 681) E. Kuhn, F. We^gamd, Syntliese des 9- Methyl- 
isoalloxazins. Ber. Deutscli. Chem. Ges., 67, 1409 (1934). — 682) R. Kuhn, F. WeggmnS,, Be- 
dingungen imd Geltimgsbereich der Flavin-Synthese. Ber. Deutsch. Chem. Ges., 67, 1459 (1934), — 
683) U. Kuhn,F, Weggmn4, Synthetische VerbindungeE der Lacto-flavin-Griippe. (Vorl.Mitteil.). 
Ber, Deutsch. Chem. Ges., 67, 1939 (1934). — 684) R. Kuhn, F. Weggmnd, Synthese des 6’7- 
Diiii'ethyl-9-n-amyl-flaviiis. Ber. Deutsch. chem. Ges., 67, 1941, (1934). — 685)11. Kuhn,F. fFeg- 
gumd, Synthetisches Vitamin Bg. Ber. Deutsch. Chem. Ges., 67, 2084 (1934). — 686) R. Kuhn, F, 
W^gmmd, Verbesserimg der Blavin-Synthese; Borsaure-Verfahren. Ber. Deutsch. Chem. Ges., 68, 
1282, 166 (1935). — 687) E, Kuhn, F» Weggand, 0-Nitrophenylhydroxylamin. Ber. Deutsch. 
Chem. Ges., 69, 1969 (1936). — 688) R* Labes, H.Freisburger, Alloxan -als Oxydations- Mittel 
fuer TMolgruppen Arch. f. exper. Path., 156, 226 (1930). — 689) KLaki, Das Ox-Redoxpotential 
der Ascorbinsaure. Es. phys. Chem., 217, 54 (1933). — 690) ILLaki, Oxydation und Reduktion der 
C 4 Diearbonsaiuen. Zs. physiol. Chem., 236, 31 (1935). — 691) K. L&ki, Die Oxydation des 
reduzierten gelben jPermentes. Zs. phys. Chem., 249, 61 (1937). — 692) K* Laki, tlber das Redox- 
potential des Sjrstems: Oxalessigsaure-l-Apfelsaure. Zs. phys. Chem,, 249, 63 (1937). — 693) K, 
ImM, Malic-Ddehydrogenase. Bioehem. Jl., 31, 1113 (1937). — 694) M. Laki, tlber die Cytochrome 
des Taiibenbrustmuskels. Zs. phys. Chem., 254, 27 (1938). — 695) K» Lang, Rhodanbildung im 
Tierkdrper. Bloch. Zs., 259, 243, 263, 261 (1933). — 696) IF. Langenbeek, Organische Katalysa- 
toren. Ahniichkeiten in der Wirkung von Permenten und von definierten organischen Stoffen. 
Habilitationsselirift, Munster, 1928. — 697) W, Langmibeck, Feimeritmodelh. Ergehnisse derBn- 
zymfomchung, 2, 314 (1933). — 698) FF. Langenbeek, Synthase des diastases arteficielles. Bull. 
Soc. Chim. Biol., 17, 627 (1935). — 699) W. Langenbeek, dieBedeutung der synthetischen 
orgamsohen Katalysatoren iiir die Theorie der Enzymwirkung. Chem. Ztg., 60, 953 (1936). — 
Langenbeek e* s^, Isatin als Katalysator der Dehydrierungvon Aminosauren.Ber. Deutsch. 
Chem. Ges., 60, 930, 61, 942 (1927/8), 70, 672 (1937). — 701) m Jbatigewheclc, O. Goedde, 
liber organische Katalysatoren, 15. Mitteilg. Kunstliche Carboxylasen, Ber. Deutsch. Chem. Ges., 
70, 669 (1937). — 702) FF Langenbeek, E* Kutsehenreuter, W. Eottig, tlber die kataiatische 
Wirkungvon Imidazolhaminen.Ber, Deutsch. Chem. Ges., 65, 1750 (1932). — 703) IF. Langew&ecfe, 
JUttemann, O. Schafer, Wrede, tlber Carboxylase. I. Zs. phys. Chem., 221, 1 (1938). — 
704) W, Langenbeek, H. Wrede, W.SehImkermann, 't]her C&Thoxjlose. IL Zs. phys. Chem., 
227, 263 (1934). — 705) JOT. Laser, Weitere Untersuchungen tiber Stoffwechsel und Anaerobiose 
von Gewebekulturen. Bioch. Zs., 268, 451 (1984). — 705a) Jf. Laser, Tissue metabolism under the 
influence of low oxygen tension. Bioehem. JL, 31, 1671 (1987). — 705b) JEf. Xuser, Metabolism of 
Retina. Nature 130, 184 (1985). — 10B) AmJL^edew, Trennungder Oxydoreduktase vom Zymase- 
komplex. 1. Zs. phys. Chem., 156, 153 (1926). — 707) E. Xed:erer, R. C?2aser, Sur F^ciiinochrome 
et le spinochrome. Compt. rend, des stances de TAcad. des Sciences, 207, 454 (1988). — 708) 
Lehmann, Zur Kenntnis biologischer Oxidations-Beduktions-Potentiale. Skand. Arch. Phys., 59, 
173 (1930). ' — 709) J. Lehmann, Zur Keimtnis biologischer Oxydations-Reduktions-Potentiale. 
Biocii. Zs., 274, 321 (1934). — n0)d. Lehmann, K Marienso^^ tlber den Sauerstoffverbrauch 
der vitalen Bernsteins aureoxydation in Abhangigkeit von Sukzmodehydrogenase, Fumarase, Cyto- 
ehromoxidase und Kataiase. Skand. Arch. Phys., 75, 61 (1936). — 711) L» F. Leloir, M* Diiron, 
Act. of cyanide and pyrophosphate on dehydrogen. Enzymologia, 2, H. 2 (1937). — 711a) JK* 
Lemberg, Transformation of Haemins into Bile Pigments. Bioehem. JL, 29, 1322 (1985). — 711b) 
E* Lemberg, R. Cortis-dfones, M* ISl&rvie, Coupled oxidation of ascorbic acid and haemo- 
chromogens. Bioehem. JL, 32, 149 (1938). — 711c) R. Lemberg, E.A. Wgndhmn, Some obser- 
vations on the occurrence of bile pigment haemoohromogens in nature and on their formation from 
haematin and haemoglobin. JL and Proc. Roy Soc. of New South Wales, 70, 343 (1937). 712) 

A. Lennerstrand, L Eunnstroem, Oxydation, Phosphorylierung u. Garung. Bioch. Zs., 283, 
12, 287, 172, 289, 104 (1935/6); Naturwiss., 25, 347 (1937). — 713) G. M. Lewis, M.Eandall, 
Thermodynamics and the free energy of chemical substances. New York 1923. — 714) PV • Lieben, 
F* Getreuer, System Aminokorper-Aldehyd-H^-Acceptor. Bioch. 252, 420 (1932) und Intern. 
Physiol Kongr. Rom 1932, S. 155. — 715) F. Lieben, F. Getreuer, Verhalten des Systems Amino- 
saure-Aldehyd. Bioch. Zs., 269, 69 (1934). — 716) Fn Lieben, M. Molnar, Ferment-freie Hy- 
drierung von Methylenblau. Bioch. Zs., 232, 209 (1981). — 717) F, Lipmann, tlber die oxydative 
Hemmbarkeit der Glykolyse und den Mechanismus der Pasteiirschen Beaktion. Bioch. Zs., 265, 
133 (1933). — 718) F. Lipmann, tlber die Hemmung der Mazerationssaftgarimg durch Sauer- 
stoff in Gegenwart positiver Oxydoreduktionssysteme. Bioch. Zs., 268, 205 (1934). — 719) F. Lip» 
mann, Versuche zur potentiometrischen Erfassung der Oxydo-Reduktions-Vorgange in garendem 



294 


BIBWOGEAPHT 


Hefeextrakt. Bioch. 274, S29 (19S4). ~ 720) F. Lipmatm. Fermentation of pitosphogluconic 
acid. Nature, 138, 588 (1936). — 721)F. Lipmann, Hydrogenation of Vitamin Bj. Nature, 138. 
1097 (1936). — 722) F. lApmarm, Pyruvic acid dehydrogenation, Vitamin Bj and Cocarboxyhwe. 
Nature, 140, 25 (1937). — 723) F. Lipmatm, A coloured intermediate on reduction of vitamin Bj. 
Nature, 140, 849 (1937). — 724) F. Lipmatm, Photochemische Beduction ■i-on Fej und Methylen- 
blau durch Brenztraubensiiure. Skand. Arch. Phys., 76, 186, 193 (1937). — 725) F. Lipnmrm, 
tJber den Umsatz der Brenztraubensaure und den Mechanismus der Vitamin B, Wirfcung. Skand. 
Arch. Phys., 76, 255 (1937). — 726) F. Lipmann, Dehydrierung der Brenztraubcnsdure. Enzy- 
inologia, 4, 65 (1937). — 726a) F. Lipmatm, G. Perltnann, Hydrogenation of vitamin Bj. Jl. 
Am. Chem. Soc., 60, 2574 (1938). — 727) F. O. Liibel, Atmungund Glykolyse tierischer Gewebe. 
Bioch. Zs., 161, 219 (1925). —728) E. Ldf/ler,R. lUglar, Waehstumshemmimgen durch HCN. 
Bioch. Zs., 173, 449 (1926). — 729) K.Lohmann, Darstellung der Aclenyi-pyro-phosphorsiiure aus 
Muskulatur. Bioch. Zs., 233, 460 (1931). — 730) K. Lohmann, Chemisdie Natur de# Coferninitw 
der Milohsaurebildung. Bioch. Zs., 237, 445 (1931). — 731) FT. Lohtnann, EnKyinatische Um- 
wandlung von S 3 mthetischeni Methylglyoxal in Milchsaure. Bioch. Zs., 2o4, 332 (1932). — 732) 
K. Lohmann, Abbau der Zucker. Handbuch der Biochem. Erg. Werk, 1, 926 (1933). — 733) 
K. Lohtnann , Aufspaltung der Adenyl-pyro-phosphorsaure im ivrebsmuskel. Bioch. Zs,, 28S, 
109 (1935). — 734) K. Lohmarm, Konstitution der Adenyi-pyrophoephorsaure und Adeni«in-di- 
phosphorsaure. Bioch. Zs., 282, 120 (1935). — 735) K. Lohmann, Co- Carboxylase. Zs. Angow. 
Chem., (Vortragsreferat) 50, 221 (1937). — 736) K. Lohmann, Ph. Schuster, Uber das Vorkom- 
men der Adenin-Nucleotide in den Geweben. Bioch. Zs., 282, 104 (1935). — 737) Jt. Lohtnann, 
Ph. Schuster, Go- Carboxylase. Bioch. Zs., 294, 188 (1937). — 738) K. lohmann, Ph. Schuster, 
Ober die Co- Carboxylase. Naturwiss., 25, 26 (1937). — 739) Ji. HZ H, Lugg c. s., •Colouring luattew 
of Drosera Whittackeri. Jl, of Ghem. Soc. (19B6) 1457gs. — 740) K Lundsgmtrdf Eiuwirfamg der 
Monojodessigstoe auf den Bpalt- und Oxydations-StoffwechseL Bioeli. 220, 8 (i980)» 25#^ 
61 (19S2). — 741) C. Lutwah-^ManUf Decomposition of adenine compounds i.>y bacteria. Biociiaiin 
JL, SO, 1410 (1986). — 741a) €» M* Studies on biological oxidations. 

8, The oxidation of glutathione with copper and hemochromogens as catal^TSta. Jl. of Bio!, Chem., IS* I , 
275 (1987). — 742) Ths Fu M4X4!mm^ AntoxydQ,tion von LeiioometibylenblaiL Bor. Deutsch. Chem. 
Ges., 64, 138 (1981). — 748) Th. F. Mmme^ Formation of HgOg in dehydrogaimtioiis. 

Biochem. Jl,, 27, 1248 .,(1988). — 74i) MaSifmveiMmf 2-MefchyM,4-naphfeho qiiinone. An. Sof. 

. espan, fisic. y quim.,^Sl, 750 (1988). — 745) Action ox.-r6d. da la hVithine colloidalcu 

Soc. Biol., 116, 1867 (1984). ■ — 746)11# Mifgne e* Intoxicjation par le dinitropInkoL Ann. da 
Phys., 8,,.l (1938). — 747) Eo Makino^ Konstitution der Adenosindri-phosphorsaiu-e. Bloch. 

278, 161 (1985). — 748) K. MeiMiio, Ohemie d«3 anlineurilisehari YifainiiB. Sfe. i>hy»- 

Chem., 289, I (1986). 749) il# M. Die Bolle der Pliosphata im Oxy- 

dations-Projaess.Bioch. 246, 191 (1982), — 750) W. Cr# Lehnmmif Jthiimirkiing von 

HgOg auf Ferrosalz. Liebigs Ann. 460,'179 (1928). — 751) IF.P/lanw, Machaniaimis 

der Oxydations’Vorgange. Anorg. Chem., -211, 1 (1988). — 752) IF. Mmmtmij iLSekmM^ 
Mechanismus der Oxydations- Vorgange. Bar. Deutsoh. Chem. Gas., 65, 9B (1982). — 758) P# AC## 
Mmm, Kinetics of peroxydase action. Biochem. Jl, 25, 918 (1981). — 754)Plt, 1. Mowi, Eecluelioii 
of glutathione by a liver system. Biochem. Jl., 26, 785 (1982). — 755) 0. Murlte, Ahbaii der 
CitronensSure. Zs. phys, Chem., 247, 104 (1987).' — 756) €*Martim^Fm Abbau dor 

Citronensaure, &. phys. Chem., 246, I.(.i987). :— 757) M* L* Birnmn^ Spontaneous cleavage of 
glutathione. Jl of Biol Chem., 90, 25 (1981). — 758) 11. it* Malffll, Antioxldante and the 
dation of fats. Jl. of Biol Chem., 90, -141'|19Si). — 759)11. Jl* Malliil, 11*^ Further stu- 

dies of anti-oxydants. Amer. Jl, Php., 90, 447 (1929), — 760) €* Jl. Mmwmm^ The mfliienc?o of 
animal tissues on the oxidation of ascorbic acid. Biochem. Jl, 29, 560 (1985). — 761) J. L* 

Pouvoir hydrogfeant dm tissues des v4gefcaux et de leur coiwtituenta solulil^ra. Ann, 4e 
php. et phpioochim. bioL, 4, 297 (1928). — 762)^Jt* 10 WmrmseTf L'oxydatian <!« ciirp 

organiques h la temperature ordinaive. Ann. Phys. PhysIcocMm. BioL 2, 829 (1926). 768) iV. 

Mailer, Oxidation-rMuction potential de Pacide rMut^lnique. 0. r.,204, 115 (19S7); Jl da Oliim. 
Physique, 84, 109 (1987). — 7M) N» Action de roxygtee sur kw; gliiciii£»ti. G, li* 

196, 1887 (1988). — 765) P. P. Deidrog. dl acidi fenibalifat. Arch, dl Sol Biolt 21, SS) 

(1985). — 766) P* P* Om. bioL d. soldi bibaaici aiit, Arch, di Sci. Biol, 2f , I (tfSO). *"■" 

767) P.P* M4$zm e* S. deidrogan. d. midi grmL Atti Acead. Lino. (6), 17, 476, *Mli, S§, 

118 (1988/84), — 768) P. P* Muzzm^ 0» Deidrogenassione della glleerina eon palladb. 

Boll Soc. ItaL Bioleper, 9, 177 (1984).— 769)P.P*M«mi,4*€ifrimi^ Oeeid. dell ac. piriiv , . , 



BIBLIOaBAPHY 


295 


d. B. coli. Arcla. di Sci. Biol., 2#, 486 (1934). — 770) F. F. Mmzm,, G.Smfi, Pigin. di Halla par- 
thenopaea Costa. Boll. Soc. Ital. Biol., 5, 74 (1930). — 773 ) F, F, Mmzm, G, SMfL Contrib. alio 
stud, della picol. degli eserciai fisizi. Arch, di Sci. Biol., 16, 1 (1931). — 772) G. Me^s, Jb cystine 
sulfoxide an intermediate in the oxidat. metabolism of cystine? JL of Biol. Chein., 109, LXIV 
(1935), — 773) Mm Km MullcfWitz ^ Die Bedeutung gekoppelter Reaktioneii niederer alipha- 

tischer C-yerbindungen fiir Kohlenhydrat und Pettabbau. Zs. phys. Ghem., 230, 122 (1932). — 
774) Rm Mm Me illSelo, KSm GmSuTTon^ Effect of 1-2-4 Dinitrophenol on cellular r^piratioii. Proc. 
Soc. -Exp. Biol, and Med., 32, 36 (1934). — 775) R. B. de Meto^ Mm Kissin^ Em S. G.Bmrmny 
Catalytic effect of reversible dyes on cellular respiration. Jl. of Biol. Chem., 107, 579 (1934). — 776) 
Em Meimwsk^y Pigmentbildung durch oxydiertes Adrenalin. Arch, fiir Derm., 163, 135 (1931). •— 
777) Nm Urn MeMruniy Reduction of glutathion in mammalian er.ythrocytes. Biochem. JL, 26, 817 
(1932). — 778) Nm U. Meldruntm Mm Dixmi, Properties of pure glutathione. Biochem. Jl., 24, 472 
(1930). — 779) Nm U. MeMruni, M. L. Am Tarr, The reduction of glutathione by the Warburg- 
Ohristian system, Biochem. Jl., 29, 108 (1935). — 779a) Vm LaMe» ,Jm W. Temple, The autoxi- 
datlon of hydroquinone. Proe. Nat. Acad. Sci,, 15, 191 (1929), — 780) Jl* Me Merrit Welch f 
Epinephrine oxidation and stabilisation. Amer. Jl. Phys, 108, 360 (1934). — 781) W, K Mertem, 
Am Gm mm Ween, Die Bonglcrek-vergiftung in Banjumas. Med. Dienst Volksgezondheid in Ned.- 
Indie, 4, 209 (1933). — 782) K, Meyer, Oxidation of benzaldehyde. JL of Biol. Chem., 103, 25 
(1933). — M* Meyet*, Oxidation of pyruvic acid. JL of Biol. Chem., 103, 39 (1933). — 784) 
JL Meyer, Oxidation of ergosteroL JL of Biol. Chem., 103, 607 (1933). — 784a) O. Meyerfmf , 
Untersuchungen zur Atinung getoteter Zellen. L Die Wirkung des Methylenblaus auf die Atmung 
iebender und getdteter Staphylokokken nebst Bemerkungen iiber den Einfluss des Milieus, der 
Blausaure und Narkotika. Mug. Arch., 169, 87 (1917). — 785) Om Meyerhof , Intermedi aiYOr- 
gange bei der biologischen EoMenhydratspaltung. Ergebnisse der Enzymforschung, 4, 208 (1935). — 
786) Om Meyerhof , Nenere Vemuehe iiber zellfreie alkoholische Garung. Naturwiss., 24, 689 
(1936). — 787) Om Meyerhof, tJber die Synthese der Kreatinphospborsaure im Muskel und die 
jjReaitonsform” des Zuckers. Naturwiss., 25, 443 (1937). — 788) O* Meyerhof , Dber die Inter- 
medi arvorgange der enzymatischen Kohlehydratspaitung. Ergebnisse Physiologie, 39, 10 (1937). — 
789) Om Meyerhof, Em Btrylandf XJhBx den Atmungs-vorgang jodessigsaure- vergifteter Muskeln. 
Bioch. 237, 406 (1931). — 790) O. Meyerhof, Wm Kiessling, tJber Gozymasepyrophosphat. 
Naturwiss., 24, 557 (1986). — 791) O. Meyerhof, W. SiessUng, W.Sehuki, tJber die Beaktions- 
gleichung der alkoholischen Gtang. Bioch. 2fe., 292, 25 (1937). — 792) Om Meyerhof, K Loh>» 
numn, Enzymatisohe Milchsaurebildung im Muskelextrakt. Bioch. Zs., 185, 113 (1927). — 793) 
Om Meyerhof, JBL Lohmmrn, Ober freiwillige enzymatische Spaltimgen mit negative! Warme- 
tanung. Naturwiss., 22, 452 (1934). — 794) O. Meyerhof, JL Lohnmnn,Ph. Schuster, Adol- 
kondensation von Dioxyaoeton-phosphorsaure. Bioch. Zs., 286, 301, 319 (1936). — 795) O. Meyer» 
hof,Pm Ohltneyer, Ober die Bolle der Co- Zymase bei der Milchsaurebildung im Muskelextraet. 
Bioch. Zs., 290, 334 (1937). — 796) O* Meyerhof, Pm Ohltneyer, W. Gmtn^, Mm Maier^^ 
Eieibnitz, Studium der Zwischenreaktionen der Glykolyse mit Hiife von radioaktivem Phosphor. 
Bioch. Zs., 298, 396 (1938). — • 797) Om Meyerhof, P. Ohltneyer, Wm Mohle, Die Cozymase als 
Ampholyt. Naturwiss., 25, 172 (1937). — 798) O. Meyerhof, Pm Ohltneyer, W. Mohle, Dber 
die Koppelung zwisohen Oxydoreduktion und Phosphatveresterung bei der anaroben Kohlenhy- 
dratspaltung. Bioch. Zs., 297, 90, 118 (1938). — 799) Om Meyerhof, Wm Schulz, Beduktion von 
N 0 durch das Oxydationsferment. Bioch, 275, 147 (1934). — 800) Lm Michnelis, Effect of 
iron on cysteine oxidation. JL of Biol. Chem., 84, 777 (1929). — 801) L*Michctelis, The formation 
of semiquinones as intermediary reaction products from pyocyanine and some other dyestuffs. Ji. 
of Biol. Chem., 92, 211 (1931). — 802) Lm Michaelis, Potentiometrio study of Wurster’s red and blue, 
JL Amer. Chem. Soc., 53, 2953 (1931). — SOB) L. Michaelis , Chemdsche physikochemische und 
biologische Eigensehaften des Farbstoffes des Bac. pyocyaneus. Verb, 14. internat, Kongr, Phys. 
181 (1932). — 804) Lm Michaelis, Qxydations-Reduktionspotentiale. 2. Aufiage, Berlin, 1933. — 
806) Lm Michaelis, Semiquinones, the intermediate steps of reversible organic oxidation-reduction. 
Chem. Reviews, 16, 243 (1935). — 806) Lm Michaelis, Potentiometric study of beta-naphthoqui- 
none sulfonate. A futher contribution to the semiquinone problem. Jl. Amer. Chem. Soc., 58, 873 
(1936). 807) Lm Michaelis, Oxidation and catalysis of organic compounds. Collect. Net (Marine 

Mol. Lab. Woods Hole), 12, 101 (1937). — 808) Lm Michaelis, Review of the semiquinone problem. 
71. Meet, of the electrochem. Soe. JL Amer. Electrochem. Soc., 71, 185 (1937). — 809) L. MwhaM^ 
et aim. Complex^ of cysteine. JL of Biol. Chem. 83, 191, 84, 777 (1929). -y- 810) L* 

GrnBmron, Reducing effects of cysteine induced by free metals. Jl. of. BioL Chem. 81 , 29 (1929). — 



296 


BIBLIOGEAPHY 


811) JL. MiefmeMs^ G. F. Boker^ E. K. Meber, Paramagnetism of semiqninone of plienaBtrene- 
q-ainone-S-sulfonate, Jl. Am. Chem. Soc., 60, 202 (1938). — 812) L* 3iiciMmiiSfM^SmF€teimr*Ir^ f 
The equilibrium of the semiquinone of phenanti^ene'3-sullonate with its dimeric compound. JL 
Am. Chem. Soc., 59, 2460 ( 19 S 1 ). --- SU) L. Miehmlis^ L.M. Flexnm% Bediietion potential of 
cysteine. Ji.' of. Biol. Chem. 89, 689 (1928). — 814) JL. Miekmeiis, E. F. H, Frle^heim, Potentio- 
metric studies on complex iron systems. Jl. of Biol. Chem., 91, 343 (1931). — 815) Jflcltnells, 
Mill, Potentiometric studies on semiquinones. JL Amer. Chem. Soe., 55, 1481 (1933). — 816) 
JL# MidhjmliSj E. 8. M. F. Schubert, Die reversible zweistufige Reduktion von Pyocyanin 
tindoc-Oxyphenazm, Biooh. Zs., 255, 66 (1932). — 817) JL. BMchmelis, IE Peciisiein, Unter- 
suohungen tiber die Katalase der Leber. Bioch. Zs., 53, 320 (1913). — 818) B. BlicfuwMs, Jl. A. 
Mdber^J. A* Muck, Supplement to a recent paper on the paramagnetism of semiqtiiaones. JL Arner. 
Chem., Soc.,.60, 214 (1938). ■— S19) L, MiehmUs, E^Smlmxmn, Methamoglobin-Erzeiigiing iiad 
Atmunsteigerung . durch organische Parbstoffe. Bioch. Zs., 234, 107 (1931). — 820) A. Mieimeiis , 
M* Pm Schubert, Cobalt complexes of cysteine. Jl. of Biol. Chem., 83 , 367, 84, 777 (192!!). — 821) 
A. MiehmUs, M. F. Schubert, Some problems in two-step oxidation treated for the ease of plie- 
nantlirenequinone-sulfonate. JL'of. BioL Chem., 119, 133 (1937). — 822) A. BlichQeMSf Af. F» 
Schubert, €» Vm Smiths, Potentiometric study of the flavins. JL of BioL Chem., 116, 587 
(1936). ■---S2S)L. Michaelis,MmPmScht^ert,Cm VmSm^he, The semiquinone of the flavine 
dyes, including vitamin Bg, Science, 84, 138 (1936). — 824) A. MicfmeMs, 6A SchtmrzemiMwk, 
The intermediate forms of oxidation-reduction of the flavins. Jl. of Biol. Chem., 123, 527 (1938). — 
825) Lm MiehmUs, €. F. Bnttfihe, Correlation between rate of oxidation and potential in iron 
system. JL of. Biol. Chem,, 94, 329 (1931/2),' — 826) A. Michueiis, €1 F. Sm^he, Mluence of 
certain dyestuffs on fermentation and respiration of yeast extract. JL of. BioL Cherm, 1 13, 717 (1936). 

827) A.MIcliaellat, Cm VmSrmfthe, The pentacyano-aquo-complexes of iron. Coinpt. rend. liab. 
Carlsberg (Sorensen Volume), 22, 347 (1937). — 827a) A. MiehmeUs, M* GmSieru, Einflusa von 
Sehwermetallen und Metailkomplexen auf proteolsrtische Vorgange. Bioch. 24§, 192 (1931). -- 
Sm)F.Micheel, Vitamin 0. Zt. Angew. Chem., 47, 550 (1934). — B29)Fm.3Mieheei,.FmMmg, Cky- 
tetronsaure, einfachster ' Stoff vom Typ der Ascorblnsaure. Ber. Deutseh. Chem. Oes., 66, 1291 
(1933). — 830) Fm Mieheel, Mm Kmft, Die Konstitution des Vitamins C. VIII. Mitt. Zs. pliys. 
.Chem., 215, 215 (1933); Nature, 131, 274 (1938). — 831) F. MiehmUs, Em BMUag, Ziir Kemitnis 
des Vitamin C. Zs. phys. .Chem., 247, 84 (1937). — 832) F# 3MehMm,BmSecerinf Hlanzlich© Al- 
dehydrase und Mutase. Bioch. Zs., 237, 389 (1931). — 833) iVL A* Milas, Studies in autoxidatlon 
reactions. Jl. Amer. Chem. Soo., 53, 221 .(1931), 56, 486 (1934); JL of Physical Chem., 33, 1204 
(1929), 38, 411 (1934); Chem. Bev., 10, 295 (1932). — 833a)ZI. M. A.iltWGti, Biilfhy- 

dril and disulfide group of proteins, JL Ben. Phys., 19, 427 (1936). — 833b), /I* lA BMrskg, BE A» 
Ansmi, On pyridine hemoohromogen., Jl. Qm. Phys., 12, 581 (1929). — ■ 888c) M* A. B* 

Mirskg, The reactions of cyanide with globin hemoohromogen., Jl. Gen, Fhp., M, 43 (1930). — 
834) B. Em Mimagfmn, Fm Om Schmitt, Effect of carotene on the oxidation of linoleic acid. JL of 
BioL Chem., 96, 887- (1932). “- 835) *A Mesters, Blutesterasesteigerung niieh peroral. Aseor- 
binsaure-gaben. Klin, Ws., 15, 1557 (1936). — 836) €hm Mwrem, €!•• Ekifruism e* Auto- 
■ xydation et action antioxyg^ne. Rec. Trav. Ohim., 43, 645 (1924); C. R. 180, 99S (1925), 186, 
1673, 187, 157 (1928). — SM) €hm Mimreu, ChmU^Jrmisse €• Sm, Autoxydalicm et action antioxy- 
g^ne.O. B., 182,949, 183,823 (1926). — 838) €hm Meureu, €hm MMfmisse «»,CoiBid4ratioTis aiir 
Fautoxydation. n.;,Cons.:de. Ohim., Brux.ete, 24, 4, 1925, Paris 1026, — 839) Ch* Blemtem, €li* 
BufruissecmSm, Catalysis and auto-oxidation, Chem. Bev„ 3, 113 (1926). — B4Q)€h*M&uremf €%♦ 
Bufraisse CmSm, Autoxidation et action antioxygene. Compt. Bend., 183,408 (1926); JL of. Soe. 
Chem. Ind., 47, 819 (1928); Bee. Trav. Chim., 48, 826 (1929). — 841) F. jSmteinie 
aoid in muscle. Biochem. Jl., 21, 7S9, 24, 208 (1927/1930). — 842) jD. Mti^er, Alkoholtieljydnwo 
aus Hefe losgelSst. Bioch. Zfe., 262, 239 (1933). — 848) E. Mfillet*, Bleotrolytisohe Oxydation der 
Ameisensaure. &. Elektroohem., 88, 561, 84, 170 (1927/8). — 844) E. Muntw^ter, EHect of dini- 
trophenol on oxygen uptake. Proo. Soo. Exp. BioL, 82, 1060 (1985). — 846) E. Muntieffter^ B. 
JBimts, Effect of cyanide on the oxygen uptake. Amer. Jl. Phys., 108, 80 (1984). — 846) E. Mffr- 
bSdk, Cozymase und ihre Bestimraung. &. phys. Chem., 177, 158 (1928). — 847)K.JI%rfeti«&, 
Cozymase und Phosphatase. Za. phys. Chem., 217, 249 (1988). — 848) K, Verauehe 

ttber die Cozymase der Hefe. Zs. phys. Chem., 219, 173 (1988). — 849) M. MyrbSdk, Cozymase. 
Brgebnisse der Enzymforschung, 2, 139 (1988). — 860) JST. MyvbScE, Zur Kenntnis der Cnaymase 
I. Zs. phys. Chem., 225, 125 (1934). — 851) K* BIgrbMekf Titrations-kiirve der Cosymase. &. 
phys. Chem., 225, 199 (1984). — 852) Mm MgiHbik^, Zur Kenntnis der Cozymase V. plip. 



BIBLIOaBAPHY 


297 


Chem., 2SS, 95 (1935). — 853) IL Cozymase aus tierischen Organen. 2s. pliys. Chem., 

21^5 154 (1935). — 854) MyrbUekf Oxydation und Reduktion der' Cozymase. 2s. pkys. ' Chem.l 
284j, 259 (1935). — 855) E. Myrback ^ . Natur der reducierenden Gruppe der Cozymase. 2s! 
plays. Chem., 241 ^ 223 (1936). — 856) M. Myrhack^ Co- Zymase. Tab.'BioL, 14, 110 (1937). 
857) M^vbmekj Euler, Uber Eigenschaffeen hochgereinigter CO-2ymasepraparate. 2s. 
phys. Chem., 198, 236 (1931). — 858) E. Myrback, M. v. Euler, Chemische Natur der Cozymase 
Zs. phys. Chem., 203, 148 (1931). 859) E* Myiback, M* v* Euler, If. Hellstr&m, Hefen- 

Cozyniase. 2s. phys. Chem., 212, 7 (1982). —.860) E. Myrhaek, II. n. Euler, H. MelMrom, 
Weitere UntersuchungeB liber die Hefen- Cozymase. 2m. phys. Chem., 214, 184 (1933). 861) 

K. M'l^rbmek, ■ E. Jorpes, Freie Diffusion von Nucieinsaure als Mittel zur Bestimmung Hirer 
MoL Grosse. 2s. phys. Chem., 237, 159 (1935). — 862) E. MyrbUck, M. iMrss&n, Isolierung der 
Cozymase. 2s. phys. Chem., 225, 131 (1934). — 863) E. MyrhUck, E. Nilsson, Cozymase XI. 
Zfe. phys. Chem,, 165, 140 (1927). — 864) IT. Myrbaeck, B. Oertenblad, Zur Kenntnis der 
Cozymase' IV, 2s. phys. Chem., 233, 87 (1935). — 865) E. Myrbaeck, B. Oertenblad, Bm- 
stelltmg und Eigenschaffcen eines hochgereinigten Cozymase-Praparates. Zb. pbys. Chem., 233, 
148 (1985). — 866) E. Myrbiiek, B. OeHenbktd, tJber die Einwirkung der Adenyl-sauredes- 
amlnase auf Cozymase. Zs. phys. Chem., 234, 254 (1985). — 867) E. Myrback, B. OerienMad, 
Phosphatase und Cozymase. 2s. phys. Chem., 241, 148 (1936). — 868) W. M. McCord, Effect of 
2,4-Dinitrophenol on the oxygen uptake. Amer. JI. Phys., 109, 232 (1934). — 869) W. B. MeFar^ 
hme. Reduction of iron by ascorb. acid.Biochem. JL, 30, 1472 (1936). — S69a,) Newham, Dorothy 
Moylen, see Moylen-Needham. — 870) J. Needham c.s*, Mechanism of carbohydrate breakdown. 
Nature, 138, 462 (1936), 139, 368 (1937). — 871) «I. Needham, H. Lehmann, Giucolysis 
without phosphorylation in the chick embryo. Nature, 139, 368 (1937). — S12)J.Needfmm, B. M. 
Needham j H-coneentration and the oxidation-reduction-potentials of the cell-interior. Proc. Roy 
Boc. London, B 98, 259 (1925). — Needham, B. M. Needham, The oxidation-reduction- 

potential of protoplasma: A review. Protoplasma, 1, 255 (1926). — 874) J. Needham, B. M. 
Needham, Further micro-injeetion studies on the oxidation-reduction potential of the cell-interior. 
Proc. Roy, Soc. London, B 99, 383 (1926). — - 875) jE^. iVe^elem, Gber die Wirkung des Sehwefel- 
wassemtoffe auf chemische Vorgange in Zeilen. Bioch. Zs., 165, 208 (1925). — 878) E. Negelein, 
Verbrennung von Kohlenoxyd zu Kohlenstoe duroh griine und mischfarbene Hamine. Bioch. 2s., 
243, 386 (1931). — 877) E. Negelein, Kryptohamin. Bioch. 2s., 248, 248 (1982). — 878) E. Nege^ 
lein, Dber Kryptohamin. Bioch. 2s., 250, 577 (1982). •— 879) E. Negelein, Extraktion eines von 
Bluthamin versohiedenen Hamins aus Herzmuskel. Bioch. Zs., 266, 412 (1938). — - 879a) E. Nege<* 
lein, Methode zur Gewinnung des A-Proteins der Garungsfermente. Bioch. Zs., 287 , 329 (1936). — 
880) E. Negelein, IV. Gerischer, Nachweis des sauerstoffiibertragenden Ferments in Azotobakter. 
Naturwiss., 21, 884 (1933). Bioch. 2s., 268, 1 (1934). — 881) JE. Negelein, W. Gerischer, Vet- 
b^erte Methode zur Gewinnung des Zwisohenferments aus Hefe. Bioch. Zs., 284, 289 (1936). — 
882) JE. Negelein, E. Hems, Gber die Wirkungsweise des Zwischenferments. Bioch. 2s., 282, 206 
(1935). — 883) JE. Negelein, II. J. Wulff, Diphosphopyridine protein. Alkohol, Acetaldehyd. 
Bioch. 2s., 293, 351 (1937). 884) C.Neubevg,A.Hild€sheimer, Uber zuckerfreie Hefegarun- 

gen. I. Bioch. 2s.. 31, 170 (1910/11). — 885) C. Neuberg, M. Eobel, Abbau von Aminosauren 
durch Methylglyoxal. Bioch. Zs., 185, 477, 188, 197 (1927). — 888) M.S. Newman, J. A. Crow^ 
der, E.J. Anderson, The chemistry of the Lipids of Tubercle Bacilli. XXXVIII. A new synthesis 
of phthiocol. Jl. of Biol. Chem., 105, 279 (1934). — 887) M.Nicloux, Oxydation du glucose. C. R., 
186, 1218 (1928);BuIl. Soc. Ghim.BioL, 10, 1135 (1928). — 888)M.McI<ma?, JL Neben^hl, Oxy- 
dation sucres par gazeuse. Soc. Biol., 101, 189 (1929). — 889) M. Nilsson, Reinigungsver- 
suche an Cozymase. Ark. f, Kemi, 9, Nr. 81 (1926). — 890) R. Nilsson, Glykolytischer Kohien- 
hydratabfoau. Bioch. Zs., 258, 198 (1933). — • S91) P.F.Nord, influence of heat and hydrogen ion 
concentration on biological transportation systems containing sulfur. Jl. of Physical Chem., 31, 
867 (1927). — 891a) S. Ochoa, Darstellung reiner Cozymase aus Warmblutermuskuiatur. Bioch. 
Zb., 292, 68 (1937). — 892) S. Ochoa, Vitamin B^ and Cocarboxylase. Nature, 141, 831 (1938). — 
898) A. Oerstroem, Analyse der Atmungssteigerung bei der Befruchtung des Seeigel-Bis. ProtopL, 
15, 566 (1982). — 894)^. Oerstroem, Einfluss des Kohlenoxyds auf die Atmimg der Hefezelle in 
versohiedenen Substraten. Protoplasma, 24, 177 (1935). — 895)JE.«I» Ogston, B. E. Green, The 
mechanism of the reaction of substrates with molecular oxygen. I. Bioohem. JL, 29, 1988 (1935); 
IL Biochem. JL, 29, 2005 (1985). — 896) JL Ohle, Vitamin €; 1-Ascorbinsaure. Hb. der Bioohem. 
Erg. Werk., 3, 800 (1986) (Jena). — 897) IL Ohle c. D-Giuco-sacoharosonsaure, ein Isomeres 
der Asoorbinsaure. Ber. Deutsob. Chem. Ges,, 67, 824 (1934), — 898) P • OMwmyer, Uber die Be- 



298 


Bmiiroo-EAPHY 


teiiigung des Adenylsaur^ytems imd der Cozymase an der alkoliolisclieii Gariing. Biocli. Zs.j 287^ 
212 (1936). — 899) Il« Oku^umM^ Redox-potential of the living tissues. JL of Biochem., 14^ 69 
(1931/2). (Japan). — 900) JET. S* OlmU^ Antioxidants and the autoxidation of fat. Ji. Amer. Chem. 
Soc.,A6, 2492 (1934). — 901)Al. Oparin^ Oxydations-VorgUnge in der lebenden Zelle. Bioeh. Zs., 
IStj 155 (1927). — 902) €. €fppenh€imet. Die Fermente, Leipzig. 1925—1926. — 903) €. Oppem^ 
heitneT^ Desmolasen, Allgemeiner Teil. Handbuch der Biochemie, Erganzungswerk, Jena, lj,49l} 
(1933). — 904) €. Oppenheimer^ Desmolyse, Allgemeiner Teil. Handbuch der Biochemie, Ergan- 
zungswerk, Jena, 1, 823, (1933). — 905) €• €>ppenhmmer^ Chemisehe Grundlagen der Lebensvor- 
gange, Leipzig 1933 (In abridged from: Einfuixrung in die Allgemeine Biochemie, Leiden 1936). — 

906) €?. €}ppenheinterf Die Permente und ihre Wirkungen, Supplement, Den Haag, 1986 — 1938 . — 

907) P. Ostem^ Di-Adenosin-pentaphosphorsaure (Herznucleotid). Bioeh. Zs., 270, 1 ( 1934 ). — 

908) P. Osfem, Enzymatisohe phosphorylierung von Stirke. Enzymologia, S, 5 ( 1937 ). — 909 ) 
P. Ost^rtif T* BarmiowsMf Verkettung der chemischen Vorgange im Muskel X. Bloch. 

'281, 157 (1935). — , 910) Z^ Otani^ KAcMfmim^ Desaminiening von Alanin. Pol. Jap. Phann., 1, 
397 (1925). — 911) P. OU c. s., Eine neben Ascorbinsaure vorkommende Yerbindung. Vjb, phys. 

' Chem., 243 j 199 (1936). — 912)1. 11. Page, M. BUfotu, Sauerstoffauftiahme von Phospliatiden 
etc. Zs. phys. Chem., 231, 10 (1934). — 913) C. C.PaMt, Induced oxidation in biological pheno- 
mena. Jl. of Physical Chem., 36, 2504 (1982). — 914) C* €. Palit, N. B. Blwr, Catalytic and in- 
duced oxidation of some carbohydrates. JL of Physical Chem., 30, 939 (1926). — 915) €• €* PaftI, 
jV. B. Bhmr^ Slow and induced oxidation of glycogen. JL of Fiiysical Chem., 34, 711 (1930), — 916) 
IF. t?. PmitschenkO'-Jurewicz^ B. Kraut j Gber den Zusammenhang zwischeii Ascorbinsaure u. 
Leberesterase. Bioeh, Zs., 285, 407 (1936). — 917)*!. K.Famm^ tlber den Mechanismus der Gly- 
kogenolyse im Muskel. Ergebnisse der Bnzymforschung, 6, 57 (1937). — 918) L* M^B* PmUersom^ 
Effect of cyanide on fermentation by yeast preparations. Biochem, JL, 25, 1593 (1931). — 91 Ba) 
JL. Pauling^ €h. B. The magnetic’ properties and structure of hemoglobin, oxyliemoglobin 

and Carbonmonoxyhemoglobin. Proc. Nat. Acad, of Sciences, 22, 210 (1936). — 919) F. ,4. PmckWf 
M*lsmfmwa-Kea, Studien hber Eeduktions-Potentiale in biologisohen Systemen. I.: Heduk- 
tions Potentiate im Huhnereivor und wahrend der Entwicklung. Bioeh. 216, 19 (19211). — 920) 
Pr. Perrin^ Desactivation induite des molecules et la thfeie dm antioxyg^m^s. €*. B.. 184, 1121 
■ (1927). *— 921) E* A. Peters^ Oxjgm consumption of Colpidium. JL of Phys,, 68, II (1929). — 
922) B.4. Peiters, The vitamin B Complex. British Med. Jl., 1936, II, 903. — 933) B.4. Peters^ 
Biochemical lesion in vitamin deficiency. Lancet, 1936, I, 1161, 1165. — 924) B. 4* PeterSf 
: Pyruvic acid, oxidation in brain. Biochem* JL, 30, 2206 (1936). — 925) B. 4. Peters ^ LSL PMipeif 
, UV absorption of crystalline preparations of vitamin Proc, Roy. Soc., B 113, 48 (1933). — 925a) 
L»B, Petty Change in the flavin content of yeast. Ark. 1 Kemi, HE, No. 53 (1935). — 9M)iL 
Pfankuchf Enzymatic Reduction von Dehydro-ascorblnsaure. Naturwiss., 22, 821 (1934). — 927) 
E* Pietseky E, Josephg, W* ErnnaMf Topochemie der Korrosion und Paasivitat, Zs. ph 3 wikiil 
Chem. A 157, 363 (1931);. Korrosion Metalfeehutz, S, 57 (1932). — ■ 928) iV. IF. P<rt«, Cuprous 
' derivatives of some SH-oompounds. Biochem. Jl., 25, 614 (1931). — 929) AL IF. Pirie, Oxiciatifm of 
SH-compounds by HgOj. Biochem. Jl., 25, 1565 (1931). ■ — 930) N* W^Jpkriey Formation of suiphate 
from cystine and methionine by tissue in vitro. Biochem. Jl., 28, 305 (1934). — 931) M* 31 Pfil#, 
Effect of cyanide on Colpidium. Proc. Soc. Exp, Biol., 29, 542 (1932). — 932) L,Piamie/aiy Action 
du dinitrophfeol sur la r^piration. Ann* de Phys., 8, 124, 11, $2 (1935); Soc? ,BioL, 113, 147 
(1933). — 9B$)B»St*Plaiiy Peroxide formation by pneumoceus. Biochem* J!., 21, 19 (1927). — 934) 
B.SkPiattyA. IF0mMilf,Natureandreactionsof thesuMance „Tyrin”.Biochem. JL,21,26 (1937). 
— 935) O. Pessentiy Ric, delf ao. piruv* n, retina. Biv. Pat* Sper,, 4, 229 (1985), — 9S(I) P. IF. 
PreisteTy Ox.-red. potential and the po^ible respiratory signMicance of the pigment of riudibraiudi. 
Chromodorife zebra. JL of gen. Phys., 13, 349 (1929/^))* — 937) P* IF.Pf^fefer, JL. B. Bmmpek 
nmmty Oxidation-reduction potentials of Beta-Hydroxyphensaae and N- Methyl-B^a- Oxyphe- 
nazine. JL Amer. Chem. Soc., 59, 141 (1937). — • 938) €m E* M. Pmghy Activity of certain oxidw 
preparations. Biochem. JL, 23, 456 (1929), — 939) 0. E* MmPttghy On the supposed oxidMe aeli- 
vity of cobaltammines, with reference to tyrosinase. Biochem. Jl., 27, 480 (1933), — 940) 4. JPter, 
The influence of vitamin C on intracellular enzyme action. Biochem. JL, 27, 1703 (1933), 941) 

Qm^glimrimEBy Pres. n. bile di un enz. dddr. Tac, stear. Atti Aecad, Lino. (6). 16, 387, 552 
(1932). — 942) QmigMmieUay Biologfeche Oxydation der hbheren PettBluren. Angew. 
Chem., 47, 370 (1934). — 943) 4* /f* QmmMLy Behydrogens^ions produced by resting baisfceria. A 
theory the meohanism of oxidations and, reductioiB in vitro* Biochem* Ji., 20, 166 (1926), 21 , 148 

(1927). — 944) fJ* Qwmteiy Bisect of CO on biological reduction of nitrate. Nat.ure, lit, 207 


i 


4 



BIBLIOaBAPHY 


299 


(1932). — 945)X H. Qtms'iei e* s.. Some reactions of resting bacteria. Biocliem. Jl. , ■ 19 , 304 (1925). 
946)X M* Qmmstel^ A* H, M» Wheatley^ Biological oxidations inlhe sucoinic acid series. Biooiiem. 
Jl.j 25 9 117 (1931). — 941) QwMstel^ A. H* Whemtieyf Oxidations by tlie brain. Bioehem. 
M., m, 725 (1932). --- 948)^. H. Qwastel, A. M. M. MhmOey, Hepatic oxidation of fa% acids. 
Bioeliem. J!., 27, 1753 (1933). — 949) J.M.QwaHm, A. H.M. Whmtley, Mfect of ascorbic acid on 
falty^ acid oxydation Bioehem. JL, 28,. 1014 (1934).. — 950) J. B. Q-uasUl, WlmuBey^ 

Studies in fat inetabolis,. 4. Aoetoacetic acid breakdown in the kidney. Bioehem. Jl., 29, 2773' (1935). 

— 951) eJ. Jf* Qtmsteiy M, B* Whethum^ Equilibria existing between succinic and fumario acid in 
pr«ence of resting bacteria. Bioehem. Jl., 18, 519 (1924). — 952) 'J. M* Qmmtel^ fiP. H. IFoolcl- 

Effect of chemical changes in environment on resting bacteria. Bioehem. JL, 21 , 148 (1927). 
953) fJ. B, Quusteif IF. R, Wooldridge^ Some properties of the dehydrogenating enzymes of 
bacteria. Bioehem. JL, 22, 689 (1928). — .954) J* B. Qimstei^ tVooidridge^ Red. potential 

energy exchange and cell growth. Bioehem. Jl., 28, 115 - (1929). — 955) iV. RaiimWy Eine neue 
Tlieorie iiber den Mechanismus der Oxydation. 2s. anorg. Chem., 168, 297 (1928), 189, 36 (1980). 

— 956) S. Rungutmtimn^ G* Sankarem^ Migration of ascorbic acid (vitamin C) in an electric 
field. Indian JL of med. Res., 24, 213 (1936), — 957) B, MapeT^ The aerobic oxidases. Phys. 
Reviews, 8, 245 (1928). — 958) B. S. Raper^ C, E.'M* Pugh^ Action of tyrosinase on phenols. 
Bioehem. Jl,, 21, 1370 (1927). — 959) L, RapMne^ Potentiel de reduction et les oxydations. Soc. 
BioL, 96, 1280 (1927). — 960) L. RapMne^ Energy du d4veloppement. Ann. de Phj/s., 7, 242, 

I 382 (1931). 961) L* Mapkine* R. Whrmser^ Potentiel de reduction des cellules vertes. Soc. BioL 

94, 1347 (1926). — 962) B. Rapkine^ R* WurmseTf Potentiel de reduction des cellules. Soc. 
BioL 95, 604 (1926). Vortr, 12. Internal. Phj^.-Kongr., Stockholm 3.--6. VIII. 1926, S. 139; BPh. 
88, 363. — 963) !/• Rupkine^ R, M^urmser, On the intracellular oxidation-reduction potential. 
Proo. Roy. Soc., B 102, 128 (1927). — 964) Raymond f Oxydation de Faldehyde benzoique. 

C, R., 191, 616 (1930). — 965) Redslob^ P* ReisSy Potentiel d’ox.-r4d. du corps vifere. Soc. 
BioL, 102, 1060 (1929). — 966) L. Reichely Schardingersches Ferment der Milch. Naturwiss., 28, 
260 (1935), — 967) JL. Eeichely Anthocyane als bioL Wasserstoff-acceptoren. Naturwiss., 25, 318 
(1937). — 968) JL* Meichely B* EohlOy Aldehydrase der Leber. Zs. phys. Chem., 286, 145, 158 

(1935). — 969) T. Reiehst^n et cil*, Synthese der d- und l-Asoorbinsaure (Vit. C). Helv. Chim. 

Acta, 16, 1019 (1933)., 17, 311 (1934). — 970) T. Eeiehsteiny M. Oppmauery Reduktinsaure, 

I ein stark reduzierendes Abbauprodukt aus Kohlehydrat. Helv. Chim. Acta, 16, 988 (1933). — 

971) A* Reidy Oxydation scheinbar autoxydabler Leucobasen dutch molekularen Sauerstoff. Ber. 
Deutsch, Chem. Ges., 68, 1920 (1930). — 972) Al* BeM, Oxydation des Leuco- Methylenblaus. 
Bioeh. 228, 487 (1930). — 973) Reidy Manometrisohe Messung der sauerstofflosen Atmung. 
i Biooh. 2s., 242, 159 (1931). — 974) A. Reidy Das saueistoffubertragende Ferment der Atmung. 

‘ Ergebnisse der Enzymforschung, 1, 325 (1932). — 975) Al. Reidy Fermenthamine. Zs. angew. 

Chem., 47, 515 (1984). — 976) JL. Reiner y €. V. Smythey J. T. Pedlew, On the glucose meta- 
bolism of trypanosomes (trypanosoma equiperdum and trypanosoma lewisi). JL of BioL Chem., 
118, 75 (1936). — 977) LRemesow c. s., Katalytische Eigenschaften von Cholesterin. Biooh. Zs., 
246, 431, 266, 330, 269, 63 (1932/4). --^ 91S)M.S.RemitschenkOy Mehrphasenwirkimg des KCN 
auf die lebende Zeile. Biocli. Zs., 191, 345 (1927). — 979) Fr. Reuter y B. Willsimity IL L. Mmiy 
Zur Kenntnis der peroxydatischen Wirkung III. Biooh. Zs., 261, 353 (1933). — 979a) €?. M, Ri'^ 
dkardsoMy R* K* CannoMy The dialurie acid-alloxan equilibrium. Bioehem. Jl., 28, 68 (1929). 

980) B. Richter y Die Wirkung des Ferro-Eisens bei induzierteii Reaktionen. Ber. Deutsch. Chem. 
Ges., 64, 1240 (1931). 9B1) B. Richter y Chain reactions in enzymatic catalysis. Nature, 180,, 

97, 129, 870 (1932). — 982) JE*. ' JL Uidemly W. M. Wright y Low temperature oxidation at charcoal 
surfaces. JL of Chem. Soc. 1925, 1347, 1926,. 1813, 3182, 1927, 2323. — 983) A. RtechCy Oxyal- 
kyihydroperoxyde. Ber. Deutsch. Chem. Ges., 64, 2328 (1931). — 984) «#• RechCy Propriety 
phys.-ohemiques de la chlorooruorine. Soc. BioL, 115, 776 (1938). — 985) «J* RochCy Rech. sux les 
giobines II (Helicorubin). Bull. Soc. Chim. BioL, 15, 110 (121) (1933). — 986) J.Boelie, Sur 1 hein6- 
i rythrine du Siponcle. Bull. Soc. Chim. BioL, 15, 1415 (1933). — 987) »/. RochCy Piginents heraaties 

des actinies. Bull. Soc. Chim, BioL, 18, 825 (1936). — 988) J. RoehCy M» Th^BSn^aenty CoMti- 
tution du cytochrome c. Bull, Soc. Chim. BioL, 17, 1473 (1985). — 989) J. 

I wewty Les htoatines des tissues. Bull. Soc. Chim.- Biol,, 18, 1650 (1936). 990)X^c^e, M* Thm 

B^Smnty Les Mmatines des cytochromes a. ' C. R., 208, 128 (1936). — 991) J* Boelic, M* TO*. 
B^^mnty H^matines ©t cytochrome e..Boe.. BioL, 128,^18 (1937). 992) «J* 

B^^venty H5matin©s oellulaires et cytochromes. Soo. BioL, 128, 20 (1937). 993) th Mocmey 

(If. M. Fox)y Ciyst. Chloroeniorm. Proe. Boy. Soc., B 114, 161 (1933). — 994) J. MochBy J. 



ado 


BIBHO0EAraY 



Moreiw, Helicoriibme. Compt. Bend, See. Biol,, ISS? 1315, 1318 (1986). — 994a,') !!• C?* L* 

Bmrfmm'f The anti-scorbutic potency of reversibly oxidized ascorbic acid and tlie obsenmtion of a,n 
enzyme in blood which reduces the reversibly oxidized vitamin. JI. of Nutrition, 11 ^ B59 (1986). — 
995) M* If* BjoepkBfJ* M* Ortf Formation of the action red. of serveral sugars. JL, of physical 
' Chem., 85, 8596' (1981). — 996) J. Roest^ Oxydations-Kata,lysen duroh Adrenalin. Biocli. 2s., 
176, 17 (1926). , — 997) fF* Eonmny Bedeutung der Pliasengrenaflachen-ReaMion filr den Or- 
ganismus. Nederl. Tijdschr. Geneesk., 78, 1467 (1934). — 998) IF. Deslviiptive uiid 

physikalische Chemie der Proteine. Tab. Biol., 14, 274 (880) (1987). — 999) P. M0ma e. s., Die 
Oxydations-Katalysatoren der Insekten, Bioch. 2s., 228, 205 (1930). — 1000) P. Ifowa s., Aiito- 
xydation von Doppelbindungen. Bioch. 2s., 250, 149 (1932). ^ — 1001)/i.Poficfffo, Stud, polarograf. 
appl. alia biochimica. Arch, di Sci. Biol., 20, 146 (1984). — 1002) P. Poii.wii*, P. Ehreafest^ 
Effect of dinitrophenol on the metabolism of frog muscle. JL Biol. Clieni., 115, 749 (1986). — 1008) 
M.' Ascorbinsaure-Oxydation. Skand. A,rch, Phys., 76, 119 (1987). — Cliem. Zi^ntrul- 
blatt, 1087,, II, 240. — 1004) Po6‘efi6olm%, Vorkommen imd Naohweis eiiies baiiiorlirouio 
genahniichen Pigmentes in tierischen Nebennieren. 2s. phys. Chem., 178, 250 (1928). — 1005} 
§. M. Rosenthal^ €. Foegtllit, The action of sulphydrjd, iron and cyanide conipoiou‘kH oo the 
oxygen consumption of the living cells. Public health reports, 46, 521 (1981). — 1006) K. 31* 

IJtel, €L Voegtlin^ The action of heavy metals on cysteine and on siilphydiyl groups of prof.eias. 
Public health reports, 48, 847 (1938). — 1007) E. Moss, Action of respiratory caialyt*ts on iX 
consumption by Nitella. Proc. Soc. Exp. Biol., 82, 64 (1984). — 1008) O* T* Eotini, E* ikMoiniam j 
FmF* Nord, Dehydrierung durch Fusarium, Bioch. 2s., 288, 414 (1986). — 1009) If* Rmig, En- 
zymatische Spaltung von Lacto-flavin-Phosphorsaure. 2s. phys, Chem., 242, 198 (1986). 1010) 

M* Eudtf, Absorptionsspektren im Dienste der Vitaminforschung. Natiirwiss., 24, 497 (1986). — 
1011) «1. Eunnstri^fwi, Atmungs-mechanismus und ■Entwicklungs-erregimg bei dem Seejg€'»i-Ei. 
Protopl.,' 10, 106 (1980), 15, 582 (1982). — 1012) J. Munmirmm, Influence of pyocjmnine on st?a 
urchin eggs. BioL Bull., 68, 827 (1985). (Woods Hole). — 1018) J. EtumsirSm, A. Letmer^ 
stmndy Borei, Oxydation und Phosphatbindung dm Hllmolysat der Fferdeblutkdrperchen. 
Bioch. 2s., 271, 15 (1984). — 1014) J. EunmtH»m, L*MiekmeMs, Correlation of oxidation and 
phosphorylation in hemolyzed blood. JL gen. Phys., IS, 717 (1985). — 1015) A* SeMi//iter, E* 
Bamer, Einfluss von SH-Gruppen auf PlK^phatasen versehiedener Herkunft. 2s. phys. Chem., 
225, 245 (1984). — 1010) F* Sehletik, Pentosephosphorsaure aus Cozymase. Ark. f. Komi, 12 B, 
Nr. 17 (1936). ' — lon ) F* SeMenk, Triphospho-pyridin-niicleotid (Codehydrase II; Warbiirg*s 
Coferment). Tab. Bioi., 14, 186 (1987). — 1018) F* SeMemk, Co- Carboxylase. Tab. BloL, 14, 193 
(1987). — 1019) F. Sehlenk, Adenosin-S-phosphorsiiuren (Cophosphorylasen). Tab. BioL, 14, 
854 (1987). — 1020) F* SeMei'tk, Die Einwirkung von PhosphoroxyeliloritI auf Cozyiiiase. Natur* 
wiss., 25, 668 (1987). — ' 1021} F. Saurehydrolyse der Oozymase. Naturwks.. 25, 270 

. (1987). 1022) F* Schl^, JEf. v. Enter, Cozymase. Naturwiss., 24, 794 (1986). — 1028) 

SeMmk, M. Euler, tlber das Verhaiten der Cozymase gegen Alkali. ArMv, f. Kc*mi. 12 B* 
Nr. 20 (1986). — 1024) F. Sehleuk, M. v. Enler e. S,, Binw. von alkali auf Ooaynutse. Zs. phvs. 
Chem., 247, 23 (1937). — 1025) F. Schlenk, G. G&nther, H. v.Eulei-, Einwirkung vim I lies- 
phatase auf Gozymase. Arkivf, Miner, och GeoL, 12 B, (1988) No. 56. — l025a)F*ASVItleii&, 

M* Meltstrom,'M* v* Euler, Deutseh. Chem. Oes., 71, 1471 (1988). — - 

1026} M^Sehnrnlfuss Cber die Entetehung von Pigmenten in Pflaiizen. Bloch. 2s., IIM), 424 
(1927). — 1027) F* O* Schmitt, M. G^Smtt, Effect of CO tissue respiration. Amer. JL Phys.. 
107, 85 (1934).. — , 1028) F* S€lmefc^er, ■ Carotinoide der Piirpurbakterieii. Rw, Fac. ScL Uidv. 
d’EtanbuL 1, 74 (1936). 1029) A* SchSberl, Sulfhydrylverbindungen als Antikatalysatoren Im 

Oxydationen mit molekularem BmemtoK 11 Mitt 2s. phys. Chem.* 201, 161* 167 (1981). 

.4* Sehoberi, Cystein und GIutstMon als Antikatalysator bei Oxydationen mit molekularem 
Sauerstoff. Ber. Deutech. Chem. Ges., 64, 546 (1981). 1031} A. SeMberi, XE Eek, Lfyilro- 

lytische Aufspaltmig der Disulfid-bindung.- Liebigs Ann. 522, 97 (1986). — 1032) /!• Sekiiheri, 
M. Wiemer, Modellversuche zum oxydativan Abbau biologisch wichtiger organisclier Schwefel- 
verbindungen. Liebigs Ann., 507, 111 (1933).-. --- 10S2a) O. «?* Sehdmbeek, [C.J.Neubemjj, 
Versuche zur Reinigung von.. Carboxylase. Bioch. 272, 42 (1934), 275, 330 (1934/85), 277, 
451 (1935), — 108B) &• A* Behmi, Absorption des rayons ultraviolets par les aldehydes, C. R., 182, 
965 (1926). — 1034) IE SeMrbder, Hemmung der Bopa-Beaktion durch Vitamin C, Klin. Ws. 
18, 1, 5p (2934). — lOB5)AEP»Seh%tb0H, Complex typ^ involved In the catalytic oxidation of 
thiol acids. JL Amer. Chem. Sou,, 54, 4077 (1932). — ^ 1036) M, F. Schubert, A new complex of 
cobalt and cysteine and jts behavior with hydrogen peroxide. JL Amer. Chem, Soc., 55, 8836 (1983). 




BIBLIOGRAPHY 


301 


1037) If. SehMler^ tJber die Oxydation des Hamoglobiiieiseas duroli Femcyankalium und 
das Gleicligewiclit der Reaktion. Biochem, Zs., 255, 474 (1932). — 1038) K^Sehnwirih^ ChinoEe 
als FermentiEodelL Bioch. Zs., 271, 427 (1934). 1039) O. M.Sektmb, Die Katalyse vom Stand- 

ponkt der ctiemisohen mnetik. Berlin, 1931. • 1040) G. M. Sehw&b c. s., Kettenoliarakter der 

KatalaBe-Wirkung. Ber. Chem. Ges., 06, 661 (1983). — < 1041) C.Sehtmb, Catalytic properties of 
cliarcoaL Jl., Amer. Cliem. Soc., 58, 1115 (1936). — 1042) E. C.Sm, Effect of narcotics on some 
dehydrogenases. Biochem. JL, 25, 849 (1931). — 1043) K. €h. S&n^ Reduction of glutathione in 
liver. Ind. JL, Med. Res., 20, 1051 (1933). — 1044) ff. Synthetisohe Enzyme. 

Trans. Nat; Inst. Sci, India, 1, 83 (1935); Chem. ZbL, 1937, I, 4378. — 1045) M. G.Bevug^ (L. 
M&iweg), Atmungsmechanismus der Pneumokokken. Ann. Chem. Pharm. (liebig), 507, 92; Bioch 
Zs., 267, 211 (1933); JL of exp. Med., 60, 95 (1934). — 1046) Ph, A. SMffer, Intermediary 
peroxides in the oxidation of ferrous salts. Jl. of Biol. Chem., 74, XL VI (1927). — 1047) 
Shaffer E. Mamed ^ Oxidations induced by sugars. JL of Biol. Chem., 93, 311 (1931). — 1048) 
Mm Sheriff Em G. Malmes^ Oxygen consumption of neive in presence of glucose and galactose. 
Biochem. J!., 24, 400 (1930). — 1049) EmShibaiaf Wirkungs- Mechanismus der oxydoreduzierenden 
Enzyme, Acta pliytochim., 4, 373 (1929). — 1050) E, Shibata^ Cytoohrom und Zellatmung. 
Ergebn. der Enzymforschung, 4, 348 (1935). — 1051) E* Shihata^ Y. Shibata^ Oxidaseartige 
Wirkimg gewisser Metallkomplexe. Acta phytochim., 4, 363 (1929). — 1052) E» SMbmtmf Y» 
SMbatm Die katalytische Wirkung der Metallkomplexverbindungen. Iwata Inst, of Plant. 

Biochem. PubL 2, Tokyo 1936. — 106^) Em Shibata^ Mm Tam%a, Bedeut. des Cytochrorns. Acta 
Phytochim., 5, 23 (1930), 7, 191 (1933). — 1054) Chm S, Sfmup^ L Pm Boykin^ Insensitivity of 
Paramecium to HCN. JL of gen. Phys., 15, 107 (1931/32). ~~ 1056) P. Em Simola^ Co- Zymase und 
Co- Carboxylasegehalt des Rattenorganismus bei B-Avitaminose. IBioch- Zs., 254, 229 (1932). — 
1056) Smiow, (Em Eoetsehau)^ Aktives Eisen. Zs. Anorg. Chem., 164, 101, 168, 129, 194, 89 
(1927/30). — lohiyAmSifnan^ Aktives Eisen. Liebigs Ann., 485, 73 (1931). — 1058) 

Am Smakulaf Optische Untersuchungen des antineuritischen Vitamins. Zs. phys. Chem., 230, 
231 (1935). ~ 1059) Mm Smedl^^Maelean et aim f Gatal. action of cupric salts etc. Biochem. .Jl., 
23, 593 (1929), 25, 1252 (1931), 28, 486, 892 (1934). — 1060) 1. Mm C. Smith, M, Am Spohr, 
Kinetics of the oxidation with Na-Perro-pyrophosphate. JL Amer. Chem. Soc., 48, 107 (1926). — 
1061) Cm VmSmyfthe, The mechanism of iron catalysis in certain oxidation. JL of BioL Chem,, 90, 
251 (1931). — 1062) Cm WmSmythe, Die Wirkung derBlausaure auf Methylgiyoxal. Bioeh. Zs., 257, 
371 (1933). — 1063) B. Sokoloff, Influence de ia quinone sur Foxydation. Soc. BioL, 107, 115 
(1931). — 1064) Mm Am Sphor, L Mm C. Smith, Studies on atmospheric oxidation. II. JL Amer. 
Chem. Soc., 48, 236 (1926). — 1064^) F.Jm Stare, A potentiometric study of hepatoflavin. Jl. of. 
BioL Ghern,, 112, 223 (1935). — 1064b) F. J*. Store, Cm AmBatinmnn, Effect of fumarate on r^- 
piration. Proc. Roy. Soc. B 121, 338 (1936); Biochem. Jl., 30, 2257 (1936). — 1 065 )F.J. Store, CmA. 
Elrehjem, Respiration of animal tissues. Amer. Jl. Phys., 105, 655 (1933). — 1066) Cm Cm Steele, 
Recent progress, in determining the structure of Chlorophyll. Chem. Rev., 20, 1 (1937). — 1067) 
FImNmStephens, Studies in autoxidations. JL of Physical Chem., 37 , 209, 38, 419 (1933/4), — 1068) 
Mm Stephenson, Lactic dehydrogenase. Biochem. JL, 22, 605 (1928). — 1069) Mm Stephenson, Lm 
Mm Stiekland, Hydrogenase. Biochem, Jl., 25, 205, 215 (1931). — 1070) Mm Stephenson, L, Mm 
Stickland, Bioohem. JL, 26, 712, 27 , 1517, 1528 (1932/3). — 1071) Em G.Stern, tlber die Katalase 
farbteer Blutzellen. Zs. phys. Chem., 204, 259 (1932). — 1072) JL G. Stem, Der isoeiektrische 
Punkt der Katalase. 2. Mitteiiung iiber Katalase. Zs. phys. Chem., 208 , 86 (1932). — 1073) Em Gm 
Sterol, tiber die Hemmungstypen und den Mechanismus der katalatischen Reaktion. III. Mitt, 
liber Katalase. Zs, phys. Chem., 209, 176 (1932). — 1074) JL G.Sterfi, Gber das optische Verbal- 
ten der Katalase. 4. Mitteiiung iiber Katalase. Zs. phys. Chem., 212,207 (1932). — 1015)EmGmSteT9i, 
tJber die katalatische Aktivitat von Haminkomplexen. 5. Mitt, uber Katalase. Zs. phys. Chem., 
215, 35 (1933). — 1076) Em Gm Sterfi, Gber die Teiichengrosse und das MoiekuIargewicM der 
Katalase, 6. Mitteiiung iiber Katalase. Zs. phys. Chem., 217, 237 (1933). — 1076a) Em GmStem., 
Synthetische Haeminkatalasen. Zs. phys. Chem., 219, 105 (1933). — 1077) Em GmStem, Gber den 
Zusammenhang zwischen Leber- Lyochrom und Katalase. Ber. Deutsch. Chem. Ges., 66,555 (1983). 
— 1077a) Em Gm Stem, Mechanismus des Pyocyanineffektes auf die Atmung., Naturwiss., 21,^350 
(1933), — 1077b) Em GmStem, Isolation of Hepatoflavin Nature, 182, 784 (1933). — 1078) Em Gm 
Stem, On the question of the flavin potentials. Ber. Deuteeh. Chem. Ges., 67, 654 (1934). 1079) 

Em GmStem, Uroflavin, Maltoflavin, and redox potentials of lyochromes. Nature, 138, 178 (1934).— 
1080) Em GmStem, Potentiometric study of photoflavin. Biochem. JL, 28, 949 (1934). — 1081) Em Gm 
Stem, Redox-Systeme. Tab. bioL period., 4, 1 (1935). — IOSIb,) Em GmStem, Constitution of the 



302 


BIBLIOGEAPHY 



Prosthetic Group of Catalase. Nature, 136, 302 (1935). — 1082) M. G. Stem, Spectroscopy of an 
enzyme reaction. Nature, 136, 335 (1935). — 1083) E. G.Stem, Oxidation-reduction potentials of 
toxoflavin. Biochem. Jl., 29, 500 (1936). ~ 1084) K. G.Stem, The constitution of the prcsthetic 
group of catalase. Jl. of Biol. Ghem., 112, 661 (1936). — 1085) E. G. Stem, On the mecha^m of 
enzyme action. Jl. of Biol. Ohem., 114, 473 (1936). — 1086) K. G. Stem, On tlie comtitntion and 
tile mode' of action of catalase. Biochimia (USSB), 2, 198 (1937). — 1087) M* G^Stem^ Spectro- 
grapliy of the reaction of catalase with ethyl hydrogen peroxide. Enssymologia, 4^ 145 {1987). — 1088) 
M* On the absorption spectrum of catalase. Jl. of Biol. Clieni., 121, 561 (1937). — 1CIS9) 

Km GrnSt&m^ Spectroscopy of catalase. Jl. of gen. PhjTs., 20, 681 (1987). — 1090) IL GmSiem^ Mm 
MuboiSy A photoelectric method for recording fast chemical reactions. JL of Biol. Chem., 110, 
575 (1936). — 1091) E* G. Stern j, Mm Mubois, A spectroscopic method for the kinetic study of rapid 
chemical reactions, Jl. of Biol. Chem., 121,573 (1937). — 1092) IF. JHo/er, Synth^is 

of ' Co* Carboxylase from Vitamin B^. En 23 nnoIogia (Neuberg-Festschrift), 3, 82 (1937). — 1093} 
ErnGmStern^Jm WmMofer^ Synthesis of Co- Carboxylase from Vitamin B|. Science, 85,483 (1987). — 
1094) Em Gm Stem 9 Mm Mm MoMday^ Zur Konstitution des Photo-flavins; Versuche in der Alloxazin- 
Beihe (Vorlauf. MitteiL)Ber. Deutseh. Chem. Ges., 07, 1104 (1934). — 1095) E. Gm Siern^Mm Mm 
JSfoJtciaif, Die Photo-flavine, eine Gruppe von Alloxazin-Derivaten. Ber. Deufech. Chem. Ges., 07, 
1442 (1934). — 1096) Em O. Stem^ Gm L Lavin^ Ultra-Violet absorption spectnim of eatahise. 
Science, 88, 263 (1938). — 1096a) Em GmStem^ EmSakmimi^ Ovoverdin. JL of Biol. Ohem., 122, 
461 (1988). ' — 1097) 1C. G, Stem f Am White, Studies on the eonstitution of insulin. I. Properties of 
reduced insulin preparations. JL of Biol. Chem., 117, 95 (1937). — 1098) Em G* Stem, M* IF. Gm 
IF^cleo//, An ultracentrifugal study of catalase, Jl, of Biol. Chem., 124, 573 (1938). — 1099) KmGm 
Stem, Mm Wm Gm Wyckoff, An ultraoentrifugal study of catalase. Science, 87, 18 (1938). — 1100) 
LrnStem, Specificity des accepteurs d’hydrogyne. Bull. Biol. M4d. U.S.S.B., 1, 380 (1986). — 1101) 
Lm MrnStiekhmd, Bacterial decompcBition of formic acid. Biochem. JL, 23, 1187 (1929). — 1102) 
Lm HmStiekland,MmEmGreen, Negative oxidation-reduction system of B. Coli. Nature, 133, 573 
(1934). — 1103) Mm Mm Stiehler, Mm Mm Muffmanm, Heat capacity, entropy and free energy of 
adenine. Jl. Amer. Chem. Soc., 57, 1741 (1935). — 1104) H. SiShr, Seliicksal der AcetMgsaure 
im tierischen Organismus. Zs. phys. Chem., 237, 165 (1935). — 1105)F. M. Stole, CJcuiller, 
Porphyrin compounds derived form Bacteria. .Jl. of gen. Phys., 15, 629 (1932). — 110'5ik) Mm Si0iZf 
€m Jm Barter, €m Gm King, ,, Ascorbic Acid Oxidase” in Relation to Copper. JL of Biol. Chem., 
110, 511 (1937). — 1105b) jEJ. €mJm Barter, M. O* Sehuitze, Cm Gm King, Tmm respi- 

ration studies on normal and scorbutic guinea pig liver and Mdney. JL of Biol. Chern., 120, 129 
(1937). — 1106)i?', JB* Dehydrasekoppelungen in der G^-Blcarbonsaurekatalpe. Zg* phys. 

Chem,, 240, 189 (1937). — ItQl) F* Mm Straub, Coenzyme of the d-Amino-acid Oxidase. Natuw^. 
Ml, 608 (1938). ' — ' 1107a) F.B*<Sfttiti5,Beitrag zur Exisfcenz der .^Iscorbinsaureoxydase. &, phys. 
Chem., 254, 205 (1938). — 1107b)el,B*St«mttei*,it# JL* Maunee, Crystalline catalase. JL of BioL 
Chem., 121, 417 (1937). — llOS) dm B* Sumner, Nm Graven, The molecular weight of crystalline 
catalase. Jl. of BioL Chem., 125, SB (1988). — 1109) J* B* S'limner, iV* Graiem, The molecular 
weight of crystaJiine catalase. Science, 87, 284(1988). — 1110) J*Bm Sumner, S* F, Bmveii, iieinafeiii 
and the peroxidase of fig. sap. Bnzymologia^ 1, 183 (1936). — 1111) TheS'mdberg,Am Bmkmitm, 
Molecular weights of the blood pigments. Nature, 131, 325 (1983). — 1112) <1. JL* Srhbeiy, A* 
Szent'^Gybrgyi, Hexuronic acid as the antiscorbutic factor. Nature, 120, 690 (1982). — 1113) 
Am SzenbGyorgyi, Zellatmung 11, III. Bioch. 157, 50, 67 (1925). — 1114) Am r* Bzmi-^ 
Gybrgyi, Zellatmung IV. Bioch. Zs., 250, 399 (407) (1925). — 1115) Am v* SzemM^y0rg^, 
Die Boile des HgOg bei der biologisohen Oxydation. Bioch. Zs., 178, 75 (1926). — 1116) Am 
Szent^Gybrgyi, Zellatmung, Bioch. 899 (1925), 181, 425 (1927). -- 1117) Am Szmt^ 

Gybrgyi, Description of a new carbohydrate derivative, Biochem. JL, 22, 1887 (1928). — 1118) 
SzentmGybrgyi, Function of peroxidase systems. Biochem, JL, 22, 1387 (1928). — 1119) Am 
Szent-mGyorgyi, Function of hexuronic acid in the r^piration. JL of BioL Chem., 00, S85 (1981). — 
1120) Am SzenbGy&rgyi, Die freie Energie der Milchsaureoxydation. phys. Chem., 217, 51 
(1933). — 1121) Am Szentd^ybrgyi, Identification of vitamin C. Nature, lil, 225 (1933). — 1122) 
Am SzeniAjrybrgyi, Non-enzymic catalysts of cellular oxidation. Arch. exp. Zellfoisehuiig, 15, 
29 (1934). — 1123) Am Vm SzentA^ybrgyi, Mechanism of respiration. Nature, 135, 305 (1935). — 
1124) Am Vm Szent^Gyorgyi, Oxydations, Fermente. Schweker Med. Ws., 1936, II, 885. — 1126) 
Am Vm Szent’^Gy&rgyi, Studies on Biological Oxidation Acta Med. Szeged, 0, 1 (1037). — (Also 
in foooMorm, Budapest-Leipzig, 1937). — 1126) A* t?* Szeni-Gy&rgyi e. #*, Mechayofemw der 
Hauptatmung <i Taiibenbnistmuskeis. a. phys. Chem., 224, 1 (1934), 230, 1, 214, 165 (1986X 245, 




BEBUOGBAPHY 


303 

113 (1937). 1126a) A. v. SzBnt-Gy&fgy ef ai.^ tJber die dehydrierende Autoxydation und die 

biologischen Oxydationen. Zs. phys. Chem., 254 , 147 (1938). — 1127)4. v. Ssent-GySrgyi, I. 
JBanga, tlber Co-Permente, Wasserstoffdonatoren und Araenvergiftung der Zellatmung. Bioch & 
246 , 203 (1932). — 1128) H. Tait, E. J. King, Oxidation of lecithin in presence of glutathione. 
Biochem. JL, (1936). — 1129) T. TakahasM^ T. Asai^ Acids formed by Rhkopus. Proc. 

Imp. Acad. Tokyo, 3, 86 (1927). — 1130) B. TammmisM^ e, s., Qxydation der Bernsteins auxe 
an Kohle. Zs. Blektrochem., 41 j 761 (1985). — 1181 )B. T&mmntmhi^H^ Ummzmwu^ Dehydrlerung 
derBeriisteinstee an Kohle. Acta phytochimiea, 8, 221 (1984/5). — 1132)M.Tafw%a, Cytochrom 
in Schimmelpik-sellen, Acta Phytochim, 4, 215 (1928). ■— 1188)'B. Tami^ c. Einfluss des 
CO aiif die MB-Reduktion. Acta Ph 3 ?toehim, 5, 119 (1980). — 1184) if. Tmntya, F. Qgurm^ 
Wirkungs-meehanismus der einzelnen C 3 d;oehromkomponenten in der Zellatmung. Acta phyto- 
cMm., 9y 128 (1987). — 1185) if. TumigafS. Yanrngutehi^ Gytochromspectrum von verschiede- 
nen Mikroorganismen. Acta Ph 3 ?toehim., 7, 288 (1938). — 1186) E, Tanakay Physiologie der 
Essiggarung. Acta phytochim., 5, 239 (1930). — 1187) K. Tanaka^ Giuconsauregarung der Essig- 
bacterien. Acta Phytochim., 7, 265 (1988). — 1188) B. Tangly NMerend, Pettresorption durch die 
Besaturierung der Fettsauren. Bioch. Zs., 220, 284, 282, 181, 200, 490 (1980/88). — 1139) B. L^A. 

Enzymatic formation of H^S by bacteria. Biochem. JL, 27, 1869, 28, 192 (1988/4). — 1140) 
Mm Tmmber^ Interaction of peroxidase and ascorbic, acid (vitamin C) in biological oxidations and 
reductions. Enzymologia, 1, 209 (1986). — 1141) B. Tauber^ Enzymic synthesis of cocarboxylase 
form vitamin J^. Enzymologia, 11, 171 (1987). — 1142) B. Tatiber^ Enzymic synthesis of co-ear- 
boxylase. Science, 80, 180 (1937), — 1148) B. fVitiher, Synthesis of Co- Carboxylase from Vitamin 
Bj. JL Amer. Chem. Soe., 00, 780 (1988). — 1144) B. Tawher, Preparation of Cocarboxylase. Proe. 
Soc. Exp. BioL and Med., 88, 888 (1988). — 1144a) B. Tawber, The interaction of ascorbic acid 
(vitamin 0) with Enzymes. Ergebnisse der Bnzymforschung, 7, 801 (1988). — 1145) B. Tauber^ 
'JmSm EMeineTf Chemical nature of catalase. Proc. Soc. Exp. Biol, and Med., 88, 891 (1985). — 1146) 
Mm T&mif Einfluss des Redoxsystems auf die Adrenalinwirkung. Fol. pharm. Jap., 19,79, 248 (1934). 

« — 1147) B. ffiaarelf, Kristallimsches Myoglobin. I, V. Bioch. Zs., 252, 1, 208, 46, 55, 64, 78 
(1931/84). — 1148) B* Tifeeareil, Reindarstellung (Kristallisation) des gelben Atmungsfermentes 
und die reversible Spaltung desselben. Bioch. Zs., 272, 155 (1984). — 1149) M* TheoreUf Kata- 
phoretische Studien iiber das Atmungs- Co-Perment der roten Blutzellen. Bioch. Zs., 275, 11 (1984) ; 
Kongr. f. Phys. Helsinki 1984; Skand. Arch. Php., 71, (1984). — 1150) B. TheoreUfBestimmung 
der Anzahl von sauren Gruppen des Atmungs- Co-Ferments durch Diffusionsmessungen. Bioch. Zs., 
275, 19 (1934). — 1151) B. ThmreMy tJber die Wirkungsgruppe des gelben Ferments. Bioch. Zs., 
275, 37 (1934). — 1152) B. Theoretic Eiektrophoretisohe Studien fiber das Atmungskoferment 
aus roten Blutzellen. Naturwiss., 22, 290 (1934). — - 1153) B. T/ieorell, Beindarstellung der Wir- 
kungsgruppe des gelben Ferments. Bioch, Zs., 275, 344 (1935). — 1154) M, TheoreU^ Das gelbe 
Oxydationsferment. Bioch. Z., 278, 263 (1985). -~1155) B. TbeareM, Quantitative Bestrahlungs- 
versucbe am gelben Ferment, Plavinphosphorsaure und Lactoflavin. Bioch. Zs., 279, 186 (1985). — 
1156) B* TheoreUf Reines Cytochrom C. (Vorl. Mitt.) Bioch. Zs., 279, 468 (1935). — 1157) B, 
TheoreU^ Reines Cytochrom c. II. Bioch. Zs., 285, 207 (1986). — 1158) B. Themell^ Die physiolo- 
gische Reoxydatxon des reduzierten gelben Ferments. Bioch. Zs., 288, 817 (1936). —* 1159) B. 
Theorellf Keilin’s cytochrome c and the respiratory mechanism of Warburg and Christian. Nature 
188, 687 (1936). — 1160) B» Tbeoreii, Praparative Versuche fiber das „unmodifizierte Porphyrin 
Enzymologia, 4, 192 (1937). — 1161) B, TbeoreW, Das gelbe Ferment: seine Ohemie und 
Wirkungen. Ergebn. der Enzymforschung, 8, 111 (1987). — 1162) B. Theorell, Diefreie Eiweiss- 
komponente des gelben Ferments und ihre Kupplung niit Lactoflavinphosphorsaure. Bioch. Zs., 
290, 293 (1937). — 1163) B. Tbeorell, tlber die chemische Konstitution des Cytoohroms C. 
Bioch. Zs., 298, 242 (1938). — 1164) Mm Themellf F. Earrer^ E. Sehbpp^ F. Fref, Flavin- 
phosphoiBaure aus Leber. Helv. Chim. Acta, 18, 1022 (1985). — 1165) B#«/* Tfwriuult^ O. 
BtJsMerfield^ F. B. MeNameef Catalysis of air oxidation by iron salts. Jl. Amer, Chem. Soc., 55, 
2012 (1933). — 1166) T. Intermeditor Stoffwechsel. Skand. Arch. Phys., 40, 1 (1920). 

~ 1167) Tm Thunbergj Aeceptormethoden, in Oppenheimer-Pincussen, Fermentmethoden p. 1118 
(1134) (1929). — 1168) Tm Thunberg^ Die biologischen Reduktions-Oxydations-Potentiale. Hand- 
buch der Biochemie, Brganz.-Band Jena 1930, p. 213. — 1169) T. Thunbetg, Der jetzige 
Stand der Lehre vom biologischen Oxydations- Mechanismus. Handbuch der Biochemie, Ergan- 
sungswerk, Bd. I. p. 248, Jena 1933.— 1170) Tm Thunberg^ Uber das Schicksal des Sauerstoffs in den 
biologischen Qxydations-Prozessen. Arch, internat. Pharm., 88, 89 (1980). 1171) T, Thunbe^g^ 

Die Dehydrasen. Handbuch der Biochemie, ErgSnzungswerk, Jena, 1, 518 (1983). — 1172) Tm 



■804 


BIBLIOGBAPHY 


'Thunberg^ Zn und Cd als stimuliereode Mittelftir die Oxydations Frosesse. Skand. Arch. PiiyB.* 
60, 247, 72, 28S' (1984/85). — 1178) T. Thunberg^ Zur Kenntiiis der wasserstoffaMMereEden 
FaMgkeit der Hefe. Skand: Arch. Fhys., 75, 248 (1937). — 1174} T. Thumimrg, Die Deliydroge- 
Easenforschung der letzten Jahre. Ergeb. EnzymforscliiiEg, 7 , 168 (1988). — 1175) S. ThuTkMf 
Studies in xanthine oxidase IV. Biochem- Jl., 10, 175 (1925). — 1176) Wm C» TbbiSf Pigment of 
: Bac. violacenm. JL of Bact., 20, 223 (1935); Froc. Soo. Exp. Biol., M, 620 (1936). ~ 1177)S. Trnm, 
Die Wirkung von Blaus aureEthylester auf Schwermetallkatalysen. Biocli. 172, 17 (1926). — 
lllS) Sh» To<lci, Wasserstoffaktivierung durch Eisen. Bioch. Zs., 172, 34 (1926). — 1179)^* M* 
Todkl, Fm Bergelf A synthesis of anenrin. JL Chem. Soc. Lond., 1037, 364. — 1180)^4. M* TiwM, 
Bei’gef, Frankel-Cimrutf Jaeob^ Anenrin. VI. Synthesis of thioehrome. Ji. Chem. Soo. 
Lond,, 1036,1601. — 1181) Jl.B. Todd, F.Bergel^ A. Jacoby Anenrin. Ber. Dentsoh. Cliem. Ges., 
60,, 217 (1936); JL of Chem. Soc., 1036, 1555, 1557, 1559, 1037, 364. -—1182) E. TmtUsrnrn, E, 
BrinhmMnn, Oxydativer. Abban der Kohlehydrate. Zs. phys. Chem., 187, 137 (1931). ■— 1183) 
6?* de Toeuf, Fotentiel d’oxydo-rednction de cytochrome c. Jonrn. Chim. Phys., 34, 740 (1987). — 
1184) L Torres, Restatmnng in Biansanre. Bioch. Zs., 280, 114 (1935). — 1185) IF* Trmmbe, IF* 
Eange, Oxydations-, Reduktions Vorgange.Ber. Deutsch. Chem. Ges., 58, 2773, 50, 2860 (1925/26). 
— 1186) jK* Truutwein Cm s», ph-Empfindiichkeit der atmenden nnd garenden Bierhefe. Bioch. 

236, ‘35, 240, 423 (1931). — 1187) M. Tsuchihmhi, Znr Kenntnis der BlutkatalMe. Biocli. Zs., 
140, 63 (1923). — 1188) M. Tsuhano, Redox potentials of bioziicker plus its dehydrogenase. JL of 
Biobhem., 15, 491 (1932). — 1189) H. Ucko, Feroxydasenatnr des akth^en Bisens. Klin. 7, 
1515 (1928). — 1190) Urban, Spectrographic study of the cytocliromes. Jl. of Biol. Chem., 100, 
XCIII' (1935).' — 1191) Ustvedt, Die Bolle des Eisens bei der Glykolyse, Bioch. 265, 154 
(1933). — 1192).4. Cr. van Veen,J* M^Baars, Constitution of Toxoflavin. Froc. Acad. Sci. AmBter** 
dam, 40, 498 (1937). — 1193) Jl* G. van Veen, IF* H. Merf,ens, On the isolation of a toxic bac- 
terial pigment. Kon. Akad. Wetenschap. Amsterdam., 36, 666 (1933). — 1194) Ji* Q* mti Feert, 
W, E* Mertem, Die Giftstoffe der sogenannten Bongkrek-Vergiftung auf Java. Bee. Trav. Chim. 
Fays-Bas, 53, 257 (1934). —• 1195) J. Cr. van Vem, W. K. Meriens, Dm Toxoflavin, der gelbe 
Giftstoff der Bongkrek. Reo. Trav. Chim. Fays-Bas, 53, 398 (1984). — 1196) VeUhitger, Recherche 
potentiombtrique sur ie ph intbrieur et sur le potential d’ox-red. de Loeiif d*Qumin. Arch, de Phj^ique 
Biol. 6, 141 (1928) BPh. 45, 321. — 1197) Verfmde et nl., Fettstoffwechsel Akad. Wet. 
Amsterdam, 35, 251, 36, 314, 876 (1932/33); Zs. phys. Chem., 215, 225, 225, 230, 230, 207, 234, 
21 (1934/35); Biochem. JL, 28, 31 (1934). — 1198)11. Vesterberg, W^Brmtm, Eydnermg uni 
Dehydrierimg als gekoppelte Beaktion. Ber. Deutsch. Chem. Ges., 65, 147S, (1932). — 1199) M* 
Vestin, Cozymase als Phosphatubertrager. phys. Chem., 240, 99 (1936). — 1200) II* 
Enzymatisoh© Umwandlung von Codehydrase I in Codehydrase II. Naiurwi®., 25, 667 (1937). — - 
1201) B* Vestin, IL v^ Euler , LeicM hydrolysierbares Phosphat aua Cozymase. Zs,, phys. Chem., 
245,' I (1936). — 1202) B* Vestin, F* Sehbmk, Bf. t?. Euler, Ein Beitrag ziir Konstlluliorwer- 
mittelung der Cozymase; Isolierung des Spaltstiick^ Adenoein-di-phcBphoiBiiure. Ber. Deiitech. 
Chem. Ges., 70, 1369 (1937). — 1203) E* Vietorisz, Eiiifluffi von As nnd HCN auf die Atmiing 
maliguar Geschwiilste. Bioch. Zs., 240, 488 (1931). — 1204) J*l. Virtanen, B*FiflA*M, lA^rmation 
of citric acid in nature. Ann. Acad. Sci. Penn. ASS, Nr. 3 (1930). — 1204a) C* et of*, 

The relation of protein metabolism to malignant grov^h. Occasional publications of the Amer. Ass. f . 
the Advancement ofScienoe. No. 4. June, 1937. Supplement to Science, VoL 85. ■ — 1204b) C\ Vbgt^ 
Mn, M* Johnson, BT* JL. Ftger, Quantitative ^timation of the reducing power of noroial and 
cancer tissue. JL of Fharm., '24, 305 (1924). — 1205) €* VbgtUn, J* M* Johnmm, iLA^ Bfwr, 
Biological significance of cystine an glutathone. I. On the mechanism of the cyanide action. JL of 
Fharm. and exp. Therap. 27, 467 (1926). 1206) €• VbgUin, J* ilf* Johnmm, S* M* BosmUmi, 

The oxidation eatalysif’ jf crystalline glutathione with particular reference to copper. JL olBioL Chem. 
03, 435 (1981); Ji. of Fharm., 42, 256 (1931), — 1207) Th» Wi^mr-Jumr^g, Mavine, Zs. Angew. 
Chem,, 47, 818 (1934). — 1208) Th* Wagner*Jauregg,B^YitBmim. Angew. Chem,, 47, 547 
(1934). — 1209) Th, Wagner>^auregg , LactoBavin (Vitamm B^) und Peraientvorgtnge. Ergeb- 
nisse der Bnzymforschung, 4, 333 (1935). --- 1210) Th. Wagner^amregg , M. F. Mllller, t)b» 
die Milchsaureredehydrase. Zs. phys. Chem., 236, 216 (1935). — 1211) Th* Wagner*^ Jumregg, 
F»MoeMe^, Aktivierung der enzymatisohen. Dehydriening d« Aikohols durch Giutathion. 
&. phys, Chem., 236, 222 (1935). — 1212) Ttu Wagmer^miregg , M* Banm^ Gber die ©n»pna- 
tisch© Dehydrierung der Citronensaure. & phys. Chem., 233, 215 (1935). — 1213) Th* Wmgvm^ 
Jautegg, M* Bamm,F^ F. MSUer, Uber die Wirkungsweise dm VitaminBBt und dioBeteiligung 
von Flavoprc^einen an enzymatischen Dehydrierungen. (Vorl. Mitt.). &. phys. Chem., 228, 273 


BIBLIOGEAPHY 


eoi>:. 


(1934). — 1214) Th. Wmgner^auregg , B. Musim, Piavine als biologisclie Wasseistoff-Acceptoree. 
Ber. Beiitsch. Cbem. Ges. 3G, 1298 (1933). — 1215) Th, Wmgner^^auregg ^ IS. WetheMtt^ Be- 
, merkungen 25ii einer Mitteilung „Uber Urochrom und die Teilnahme von Lyochromen an der 
Zellatmung, Naturwiss., 22, 107 (1934). — 1216) O. Warimrg^ tJber die Gesckwindlgkeit der 

photochemisclien KoliIensaurezerset 2 sung in lebenden Zellen. Bioch. Zs., 100, 230 (1919). 1216a) 

O, Warbmrg^ tJber Eisen, den sauerstoffiiberfcragenden Bestandteil des Atmiingsfements. Biooli. 
Zs., 152, 479 (1924). — 1217) O. Warburg^ Eisen, der sauerstoffiibertragende Bestandteil des 
Atmungsferments. Ber. Deutsoh. Chem. Ges., 58, 1001 (1925). — 1218) O. Wurburg^ tlber die 
Wirknng der Blausaure anf die aikoholische Garung. Bioch. Zs., 165, 196, 172, 432, 189, 354 
(1925/7). — 1219) O. Warburg^ tJber die Assimilation der Kohlensaure. Bioch. Zs., 166, 386 
(1925). — 1220) O. Warburg^ Wirkung von Blansaureathylester (Aethylcarbylamin) auf die 
Pastenr’sehe Reaktion, Bioch. Zs., 172, 432 (1926). — 1221) O. Warburg^ Wirknng des CO anf 
den Stoffwechsel der Hefe. Bioch. Zs., 177, 471 (1926). — 1222) O. Warburg j, Methode zurBe- 
stimmnng von Kupfer nnd Eisen und liber den Kupfergehalt des Blutserams. Bioch. Zs., 187, 255 
(1927). — 1223) O. Warburg^ Gber die Wirkung von CO und Stickoxyd auf die Atmung und Ga- 
rung. Bioch. Zs., 189, 354 (1927). — 1224) O. Warburg ^ Uber Kohlenoxydwirkung ohne Ha- 
moglobin und einige Eigensohaften des Atmungsferments. Naturwiss., 15, 546 (1927). — 1225) 
O. Warburg y tJber die chemische Konstitution des Atmungsferments. Naturwiss., 16, 345 (1928). — 
1225a) O, Warburg^ Katalytisohe Wirkungen der lebendigen Substanz. Berlin, 1928. — 1226) 
O. Warburg f tJber die oxydationskatalytische Wirkung des Eisens nach Handovsky. Bioch, Zs., 
198, 241 (1928). — 1227) O. Warburg^ Wie viele Atmung^fermente gibt es ? Bioch. Zs., 201, 486 
(1928). — 1228) O* Warburg f Bemerkvxig zu einer Arbeit von D. Keilin. Bioch. Zs., 207, 494 
(1929). — 1229) Om Warburg f tlber die chemische Konstitution des Atmungsferments. Zs. Elek- 
trochemie, 35, 549 (1929). — 1230) O. Warburg, tlber Nicht-Hemmung der Zellatmimg durch 
Blausaure. Bioch. Zs., 231, 493 (1931). — 1231) O. Warburg, Wirkung der Blausaure auf die kata- 
lytische Wirkung des Mangans. Bioch. Zs., 233, 245 (1931). — Om Warburg , Phaeophorbid- 
b-Eisen, Ber. deutsoh. Chem. Ges., 64, 682 (1931). — 1233) O, Bas sauerstoffubertragen- 

de Ferment der Atmung. Zs. Angew. Chem., 45, 1 (1932) (Nobelvortrag). — 1234) O. Warburg, 
Saiierstoffubertragende Permente, Naturwiss., 22, 441 (1934). — 1235) O. Warburg, Chemische 
Konstitution von Fermenten. Ergebn. EnzymEorschg., 7, 210 (1938). — 1236) Warburg, W* 
Christian, Phaeohamin b. Bioch. Zs., 235, 240 (1931). — 1237) O. Warburg, Wm Christian, 
tlber die Aktivierung von Kohlenhydrat in roten Blutzellen. Bioch. Zs., 238, 181 (1931). — 1238) 
O. Wartmrg, W* Christian, tlber die Aktivierung der Robisonschen Hexose- Mono-Phosphor- 
saure in roten Blutzellen. Bioch. Zs., 242, 206 (1931). — 1239) O. Warburg, W. Christian, tlber 
ein neues Oxydationsferment md sein Absorptionsspektrum. Bioch. Zs., 254, 438 (1932). — 1240) 
O. Warburg, W* Christian, Ein zweites sauerstoffubertragendes Ferment und sein Absorptioris- 
spektrum. Naturwiss., 20, 688 (1932). — 1241) O. Warburg, W. Christian, tlber das neue Oxy- 
dationsferment. Naturwiss., 20, 980 (1932). — 1242) O. Warburg, W. Christian, tlber das gelbe 
Oxydationsferment. Bioch. Zs., 257, 492 (1983). — 1243) O. Warburg, W. Christian, tlber das 
gelbe Oxydationsferment. Bioch. Zs., 258, 496 (1933). — 1244) O. Warburg, W» Christian, 
Sauerstoffiibertragendes Ferment in Mdchsaurebazillen. Bioch. Zs., 260, 499 (1933). — 1245) 
O* Warburg, W* Christian, tlber das gelbe Oxydationsferment. Bioch. !&., 263, 228 (1933). — 
1246) O. Warburg, W» Christian, tlber das gelbe Ferment und seine Wirkungen. Bioch. Zs., 
266, 877 (1933). — 1247) O. Warburg, W^ Christian, Coferment-Problem. Bioch. Zs., 274, 112 
(1934). — 1248) O* Warburg, IF. Christian, Coferment-Problem. Bioch. Zs., 275, 464 (1934 — 
1935). — 1249) O. Warburg, IF. Christian, Zerstorung des wasserstoffiibertragenden Co-Fer- 
ments durch ultraviolettes Licht. Bioch. Zs., 282, 221 (1936). — 1250) O. Warbrug, W.Christmn, 
Garungs- Coferment. Bioch. Zs., 285, 156 (1936). — 1251) O* Warburg, IF. Christian, ^ Op- 
tischer Nachweis der Hydrierung und Dehydrierung des Pyridins im Garungs- Coferment. Bioch. 
Zs., 286, 81 (1936). — 1252) O. Warburg, IF. Christian, Byridin als Wirkungs-Gruppe dehy- 
drierender Fermente. Bioch. Zs., 286, 142 (1936). — 1253) O. Warburg, IF. Christian, Pyridin, 
der wassemtoffiibertragende Bestandteil von Garungs-fermenten. (Pyridin-Nucleotide). Bioch. 

287, 291 (1936). — 1254) O. Warburg, IF. Christian, Verbrennung von Robison-Ester durch 
Triphospho-Pyridin-Nucieotid. Bioch. Zs., 287, 440 (1936). — 1255) O. Warburg, W* Christian, 
Pyridin, der wasserstoffubertragende Bestandteil von Garungsfermenten. Helv. Chim. Acta, 10, 
E 79 (1936). — 1256) O. Warburg, IF. Christian, Co-ferment der d-alanin-oxydase. Bioch. Zs., 
296, 294, 298, 150 (1938). — 1257) O. IFartmrg, IF. Christian, Bemejknng liber gelbe Fermente. 
Bioch. Zs., 298, 368 (1938). — 1258) O. Warburg, IF. Christian, A. Grime, Wirkungs-Gruppe 

Oppenheimer-SterK, Biological Oxidation. 


306 


BIBLIOGRAPHY 


■ des Cofermente aias roten Blutzellen. Biooh. Zs., 279, 143 (1935).' — 1259) O* Wurburg, IF* Chfis^ 
mn^ A. GriesBi Wsimei^oimhef^^^ Co-Ferment, seine Zusammensetaiing imd Wirknngs- 

weise. Bioch. Zs., 282, 157 (1985). — 1260) O. Warburg ^ E. Mcms^ tJber eine Absorptionsbaiicie 
im Gelb inBackerhefe. Naturwii,, 22, 207 (1934). — 1261) O- Warburg, Mubmm^, Atmnng 
be! sein* Memen Sanerstoffdrucken. Biocb. Zs., 214, 5 (1929). — 1262) O* W^arbmrg^F, Kt^&imiz, 
tJber 'iatalatB Wirkung von Biiithaminen und von Gliloropliyll-Haminen. Bloch. Zs., 227, 
184' (1930). — 1263) O, Warburg, F. Kubotmtz, W. Ckristian, tJber die kataljdiselie Wirkung 
voB' Metbylenblau in lebenden Zellen. Bioch. 227, 245 (1930). 1264) O. IWarburg, F. 

Eubowitz, W. Christian, tlber die Wirkung von Phenylhydraizm und von Piieiiylliydroxylaniin 
auf die Atmung roter Blutzeiien. Bioch. Zs., 283, 240 (1931), 242, 170 (1931). — 1205) O* Ifttrfttirr/, 
Em Negelein, Yetteilwag des Atmungsferments- zwischen CO und Og. Bioch. Zs., 198, 834 (1928). — « 
1266) Om Warburg, Em Negelein, Einfluss der Wellenlange auf die Verteilung des Atniimgsfemien- 
tm, Bioch. Zs., 108, 339 (1928). — 1267) Om Warburg, Em NegeMn, tTber die photochemisehe 
Bossoziation von Eisencarbonylverbindungen (Kohlenoxyd-Hamochromogen, Kohlenoxyd-Fen-o- 
cystein) und das photochemisehe Aequivalentg^etz. Bioch. Zs., 200, 414 (1928). — 1208) O* Ifor- 
burg, Em Negelmn, Uber die photochemisehe Dissoziation bei intermittierender Belichtimg und 
das absolute Absorptionsspektrum des Atmungsferments. Bioch. Zs., 202, 202 (1928). — 1269) O* 
Warburg, Em NegeUin, tJber die photochemisehe Spaltung einer Eisenearbonylverbindung und 
das photochemisehe Aequivalentgesetz. Naturwiss., 16, 387 (1928). — ~ 1270) O* Warburg, E* 
Negelein, Absolutes Absorptionsspektrum des Atmungsferments. Biocb. Zs., 204, 495 (1929). 
1271) Om Warburg, Em Negelein, Absolutes Absorptionsspektrum des Atmungsferments. Biocli. Z., 
214, 64. (1929). — 1272) O* Warburg, Em Negelein, tJber das Absorptionsspektrum des Atniungs- 
ferments der 'Netzhaut. Bioch. Zs., 214, 101 (1929). — 1272a) Om Wfarburg , E* Negelein, Grimes 
Hamin aus Blut-Hamin. Ber. Deutsch. Chem. Ges., 68, 1816 (1930). — 1273) O. Ilinfwrn, 
Em Negelein, Bber die Hauptabsorptionsbanden der Mao Munnschen Histohamatine, Bioch. 

288, 486 (1931). — 1274) O# Warbi^rg, Em Negelein, Photographische Abbildung der Haupt* 
absorptionsbanden der Mac Munnschen Histohamatine. Bioch. 288, 135 (1931). — 1275) 
Om Warburg, E* Negelein, Gber das Hamin des sauerstofftibertragenden Ferments der Atmung, 
liber einige kiinstliohe Hamoglobine und tiber Spirographis-Porphyrin. Bioch. Zs., 244, 9 (Bt32), — 

1276) O. Warburg , Em Negelein, Notiz iiber Spirographishamin. Bioch. Zs., 244, 239 (19S2). 

1277) Om Warburg, Em Negelein, Direlcter spektroskopischer Naehweis des sauerstoffObert'rageiadan 
Ferments in Essigbakterien. Bioch. 262, 237 (1933). — 1278) O. Warburg, E* Negelein, 
Wm Christian, Carbylamin-Hamoglobin und die photochemisehe Dissoziation Beiner Kolilencixyd- 
verbindung. Biooh, Zs., 214, 26 (1929). — 1279) O. WFarburg, Em Negelein, Em Mimms, Sfiiro* 
graphishamin. Bioch. 227, 171 (1930), — 1280) O* Warburg, Em Negelein, E* MMas, Bpek- 
troskopischer Nachweis des sauerstoffubertragenden Ferments neben Cytoohrom. Bioch. Zs., 266, 

1 (1933). — 1281) Om Warburg, Am Reid, teydation von Hamoglobin zu Methiimoglobln. IModu 
Zs., 242, 149 (1931). — 1282) Am Wassermann, tlbertragung von peroxydisffh gclniiicleowi 
Sauerstoff auf H^S. Ber. Deutsch. Chem. Ges., 65, 704 (1932). — 12B3)Z[. Wmsermmnn, Kinatik 
und Hemmbarkeit der eisenkataiysierfeen HgOa-H^S-Reaktion. Liebigs Ann., 508, 249 (1933). — 
1284) J.. IRTo^sermanfi, Benztraubensaure-HgOg-Beaktion. Bioch. Ze., 268, 1 ^933), — 1MB) Am 
Wmsermamn, Specificity of iron as a catalyst. Jl. of Chem. See., 1985, 826. — 128I5)/L 
Beeinflussimg der Atmung von einigen griinen Algen durch KCN und MB. Acta Pliytsehim, 6, 315 
(1932). — 1286a) J* Weijlard, H. Tauber, Synth^is, Isolation and identification of cocarboxy- 
lase. JL Amer. Chem. Soc., 60, 2263 (1938). — 1287) Jl# Weii*3faikerbe, Brain metiibolism 1. IL 
Biochem. Jl., 80, 665, 81, 299 (1936/37). — 12BB) U* WeiMIalherbe e# s#, Carbohvdrato meta- 
bolism. Nature, 188, 551 (1936); Biochem. Jl, 81, 299 (1937). — 1289)»J# Reaction meeia- 

nism of oxidation-reduction prooesB^. Nature, 188, 648 (1934). — 1289a} J# Beaction 

meciianism of the enzymes catalase and peroxidase In the light of the theory of chain reactions. 
JL of Physical Chem., 41, 1107 (1937). -■ 1290)Jg?# WeitzeiaL, tJber freie Ammonium-Radlkak. 
Ber. Deutsch. Chem. Ges., 55, 395, 57, 153, 59, 423, 2307, 64, 2909 (1922/1931); f. Elektrooliem., 
84, 538 (1928). — 1291) IF. B. WemAel, Oxidation of lactate by inethemoglobin In erytlirocyta 
with regeneration of hemoglobin. Proc. Soc. Exp. Bio!,, 28, 401 (1931). 1292) IILIi# IFetiJal, 

Oxidations by erythrocytes and the catalytic influence of methylene blue. JL of Biol Chem., 162, 
373 (1938). — 1293) IF, Em Wendel, Oxidations by erythrocytes and the catalytic influence of 
methylene blue. II. Methemoglobin and theofifeefe of cyanide. JL of Biol. Chem., 162, 385 (1938), — « 
1294) Cm Mm Werkman ei aL , Dissimilation of phosphate «ters. Enzymologla, 4, 24 (1987). — 1295) 
Em Wertheimer, Autoxydations System als Model! einer Schwermetallkatalysi?. Femientfowchung, 


BJBLIOOBAPHy 


mf 


Sp 497 (1926). — 1296) F. Wetfgand^ M* Stocker y Remdarstellnng von gelbem Ferment aus Hefe. 
a. phys. Chem., 247,167 (1937). — 1297) M. WheMale-OmioWy M, E. Ho Wtisow, Mechanism 
of plant oxidases. Biochem. Jl., 20, 1138 (1926). — 1298) A. IFMfe, IL G. Stem, Studies' on the 
constitution of insulin. II. Further experiments on reduced insulin preparations. Jl. of Biol. Chem., 
119, 215 (1937). — 1299) Wielandy tJber den Mechanismus der Oxydationsvorgange. 9. 
Liebigs Ann., 445, 181 (1925). — 1300) jBT, Wiekindy Neuere Untersuchungen uber die biologische 
Qxydation. Es. Angew. Chem., 44, 579 (1931). — 1301) Jl, WMandy Behydrierende ' Bhayme, 
Helv. Chim. Acta, 15, 521 (1932). — 1302) If. Wiekmdy Verlauf der Oxydationsvorgange. Stutt- 
gart 1933. — 1302a) iSF. Wiekmdy L’oxyg^ne, ses relations chimiques et biologiques. Paris, GautMer- 
Villars, 1935 (V. Conseii de Ohimie Solvay, Bruxelles, 1934). — 1803) If. IVielmid c. s., Hy- 
drolytisohe Spaltung von Aminosauren durch Tierkohie. Liebigs Ann. 513, 203 (1934). — 1304) 
M* WieUmd c. s., Anaerobe Vergarung der Fumarsaure. Liebigs Ann. 525, 119 (1936). — 1805) 
Wiekmdy A* BeHhOy tlber den Mechanismus der Oxydationsvorgange. 15. Das Weseii der 
Bssigsauregarung. Liebigs Ann., 467, 95 (1928). — 1306) II. Wielandy E, BosseHy Eisenkatalyse 
von Diaethylperoxyd. Liebigs Ann. 509, 1 (1934). — 1307) If. Wielandy F. Chrometzimy Die 
Katalytisohe ^ersetziung von Diathylperoxyd durch Eisen. Ber. Deutsch. Chem. Ges., 63, 1028 
(1930). — 1308) JET. WielandyB^ Ck&reny Dehydrierung durch Hefe. Liebigs Ann. 509, 182 (1933). 

— 1309) If. Wiekmdy 0,B. CUtreUyB* N» Pranmniky En25. Dehydrierung von Milchsaure etc, 

durch Hefe. Liebigs Ann., 507, 203 (1933). — 1310) If. Wielond^F. G. Fischer y^her den Me- 
chanismus der Oxydationsvorgange. 11. Katalytische Dehydrierung. Ber. Deutsch. Chem. Ges., 
59, 1180 (1926). — 1311) M. Wielandy E. Fragcy tlber den Mechanismus der Oxydationsvor- 
gange. 20. Beitrage zur Kenntnis der Bemsteinsaure-Dehydrase. Liebigs Ann, 477, 1 (1929). — 
1312) Mm Wielandy WmFrankey t)ber den Mechanismus der Oxydationsvorgange. 12. Die Akti- 
vierung des Hydroperoxyds durch Eisen., Liebigs Ann., 457, 1 (1927). — 1313) Wiehmdy IF. 
Frunkey tlber den Mechanismus der Oxydationsvorgange. 14. Die Aktivierung des Sauerstoffs 
durch Eisen. Liebigs Ann., 464, 101 (1928). 1814) If. Wielandy IF. Fraiito, tlber den Mecha- 

nismus der Oxydationsvorgange. 16. tJber das Bosten des Eisens. Liebigs Ann. 469, 257 (1929). — 
1315) If. Wielandy IF. FrankCy Verhaltnis der Oxydationsgeschwindigkeit von molekularen Og 
imd HgOg. Liebig Ann., 473, 289 (1929). — 1316) If. Wielandy WmFrankey tJber den Mechanismus 
der Oxydationsvorgange. 18. Weitere Versuche iiber die Aktivierung des Hydroperoxyds durch 
Eisen. Liebigs Ann., 475, 1 (1929). — 1317) If. Wielandy IF. Frawfee, tJber den Mechanismus 
der Oxydationsvorgange. 19. tJber kombinierte Autoxydationssysteme. Liebigs Ann. 475, 19 
(1929). — 1318) JEf. Wielandy A* Lawsouy tJber den Meehanismus der Oxydationsvorgange 27. 
WeitereBeitragezur Kenntnis der Dehydrasen des Muskelgewebes. Liebigs Ann. 485, 193 (1931). — 
1319) jEF. Wielandy Thm Fm Macrae y tJber den Mechanismus der Oxydationsvorgange. 26. Weitere 
Btudien uber die dehydrierenden Enzyme der Milch. Liebigs Ann., 483, 217 (1930). — 1320) 
Mm Wielandy IF. Mitchell y tJber den Meehanismus der Oxydationsvorgange. 29. Dehydrogenating 
enzymes of milk. Liebigs Ann., 492, 156 (1932). — 1321) Jf. Wielandy M.J.PistoTy Dehydrieren- 
des Enzym-System von Acetobacter peroxydans. Liebigs Ann., 522, 116 (1936). — 1322) If* IFie- 
Imndy Em Ejanehy A, F. Thompsony Die Hemmbarkeit von Atmung und Garung. Liebigs Ann., 
521, 214 (1936). — 1323) JEF. WfeFand, I>. JBacMer, Autoxydation der Aldehyde. Liebigs Ann., 
486, 226 (1931). — 1^24) M. Wielandy JDm Richter y Autoxydation der Aldehyde. Liebigs Ann., 
495, 284 (1982). — 1325) JET. Wielandy Bm Rosenfeldy tJber den Mechanismus der Oxydations- 
vorgange. 21. Uber die dehydrierenden Enzyme der Milch., Liebigs Ann., 477, 32 (1929). — 1326) 
Mm Wielandy M. €?. Senagy Uber den Mechanismus der Oxydationsvorgange. 33. Dehydrierungs- 
reaktionen mit Butters aurebakterien. Liebigs Ann., 501, 151 (1933). — 1327) If. Wielandy R* 
Sonderhoffy Enzym. Oxyd. von Essigsaure durch Hefe. Liebigs Ann., 499, 213, 503, 61 (1932/38). 

— 1328) Mm Wielatidy M* Sutter y Beitrage zur Wirkungsweise von Oxydasen und Peroxydasen. 

Ber. Deutsch. Chem, Ges., 61, 1060, 63, 66 (1928/30). — 1329) If. Wielandy F. WillCy Arobe 
Dehydrierung von Alkohol durch Hefe. Liebig Ann., 503, 70 (1933). — 1330) If. Wielandy Am 
WingleTy Katalytische Spaltung von Ketosauren. Liebigs Ann., 436, 229 (1924). 1331) If. H. 

Williams y Structure of vitaminBi- Jl. Amer. Chem. Soc., 58, 1063 (1936). — 1332) R*Rm WidmmSy 
Tm Bm Spies y Vitamin Bj and its use in medicine- New York, 1938. — 1832a) Rm Rm WilliamSy 
Chemistry of vitamin B^ (Thiamin). Erg. Vitamin- und Hormonforschg. 1, 218 (1938). 1333) 

Rm Rm Williams c. s., Structure of vitamin B^. JL Amer. Chem. Soc., 57, 229, 536, 1093, 1751, 
1849, 1856 (1935). — 1834) R, R. Williams yJm Em Clme, Synthesis of vitamin Bj.Jl. Amer, Chem. 
Soo., 58, 1504 (1936), — 1334a) H. Rm Williams y Am EmRuhley Studies of crystalline vitamin Bj: 
11. Presence of quaternary nitrogen, Jl. Amer. Chem. Soc., 57, 1856 (1935). 1335) If. Will" 



BEBIilOGBAPHY 


308 

st&Jt, Die Vitamine. Klin. Ws., 14 , 1665, 1706 (1935). — 1336) R. Willstmter, Saueratoff- 
tJbertragung in der lebenden ZeUe. Ber. Deutsoh. chem. Ges., 69 , 1871 (1926). — lS36a) R. WUl^ 
staffer. Advances in the isolation of enzymes. Ber. Deutsoh. Chem. Ges., 59 , 1 (1926). — 1336b) 
Jf. WiUst&tter, A. Pollingfer, tiber Peroxydase. Liebigs Ann., 430, 290 (1923). — 1337) R. 
WiUstMter, M, Rohdeuxdd, Aufbau des Glykogens duroh Leukocyten. Zs. phys. Chem., 247 , 
115, 269 (1937). — 1338) R. WtHstaOer, H. Weber, Quantitative Bestimmung der Peroxydase. 
Liebigs Ann., 449 , 156,175 (1926). — 1339)M. O.P. WUUhire, Influence of tissues and amino aoicfe 
on adrenaline, Jl. of Fhys., 72, 88 (1981). — 1340) Winb&rg^ K* Zwisciienstufen bei 

der Vergarung der Maltose. Svensk. kem. Tidskr,, 48, 213 (1936). — 1341) A* WinSauMf M* 
Tsehmehe^ Crewe f tlber antiaeuritisches Vitamin aus Hefe. Za, pliyB.Cliem., 204, 123 (1982); 
228, 27 (1934), 287, 98 (1935). — 1342) O. Winter Steiner , jK* Wilimms^ MUhle^ Elementary 

composition and UV* Absorption of Vitamin Bj. Jl. Amer. Obem. Soo., 57, 517 (1935). — 1343) 
JBT* Cr« IVood, €h» M* Wertmmn^ Pyruvic acid breakdown by propionic acid bacteria. Biochem. Jl.^ 
28, 745 (1934), 80, 618 (1936), 81, 349 (1937); Iowa state Coll. Jl. Sci., 11, 287, (1937). -- 1344) 
B* B. Synthesis of formic acid by bacteria (Hydrogenlyases). Biochem. Jl., 80, 515 (1936). 

— 1345) B. Woolfs Enzymes inB. coii.-Addition compound theory of enisyme action. Biochem. Jl., 
28, 472. 25, 342 (1929/31). 1346) Wrede, A. Metkmm, tJber das Violacein, den violettaii 

Farbstpndes Bazilius violaceus. 1. Zs. phys. Chem., 228, 113 (1934). 1347) F. WredefE^Simckp 

Pyo^anin, der blaue Farbstoff des Bac. Pyocyaneus I — IV. Zs. phys. Chem., 140, 1, 142, 108, 
177, 177, 181, 58 (1924/29). — 1348) F» Wrede, B* Siraekf Zur Syntheee des Fyooyamiis uiid 
einiger Homologen. Ber. Deutsch. Chem. Ges., 62, 2051 (1929), — 1349) Gr# P. Wright^ M* i.?. 
Oxidation of linseed oil by hematin. Jl. of Biol. Chem., 98, 71 (1931). — 1350) G* iK 
Wright^ LB* €mmnt^S»E* Ernnerling^ Catalytic, effect of ferricyanide. JL of Biol. Chem., 94, 
411 (1931). — 1351) K.^ Wwnderlg^ Aminol:^e am Kohlekontakt. Hek. Cliiin. Actn, 16, 515 
(1933). — 1352) JK. Wunderty^ Das Verhalten einiger Harnstoffderivate. (Ilexosen) an Tierkolile. 
Helv. CMm. Acta, 10, 1009, 1018 (1933). — 1853) B. Wurmser^ Sur les synt,-hesc« e£feclu& dans 
ies cellules et.le potential de reduction 12. Internat. Phys. Kongr., Stockholm 3. — 6. VIII. 1926, S. 
175; BPh.j, 88, 368. — 1354) B. Wurmser^ Qxydations et reductions. Paris 1930. — 1855) B* 
Wurmser^ Btude.de poudres d^organeesur glutathion. Bull. 8oc. CMm. BioL, 15, BDl (1938). 
1856) B. Wurmser et «!., Potential apparant des solutions de glucose. G. B., 185, lOSB (1927), 
192, 680, 194,888 (1931/2); JL de CMm. Physique, 25, 641, 26, 424, 565 (1928/9); Soc.BioL, l#4, 
135 (1930). — 1357) B. Wurmser, S.FiUm, B4v6mbilit4 des oxydations m pr&ence da falcool- 
d4hydrase. Soc. BioL, 118, 1027 (1935); JL de CMm. Physique, 88, 577 (1936). 1358) B. 

ser, S 0 FiMUi^-Wurmser, Le potentiel d’oxydor^duction du cytochrome. C. rend. Soc. BioL, 127, 
471 (1938). — 1359) B. Wurmser, S* FiliUi^Wurmser, Le potential d*oxydor6ciiictioii dii 
cytochrome c;^± oxycytoohrome c. Jl. de CMm. Physique, 85, 81 (1938). — 1360) B* H'ti’mwcv, 
J. Am de Loureire, La reversibility de Foxydation de certains dyrivys dm gliicides, mi paril,ittulier 
d© Facide asoorbique. JL de CMm. Physique, 81, 419 (1934). ^ — 1361) B# tfummer, JT* A* de 
E/Oureiro, Ryversibility dessystymes oxydored. d4riv68 des gluoMos. C. B., 198, 788 (1984); Soc. 
BioL, 118, 543, 116, 101 (1933—1984). — 1362) B. Wutmser, Nm Mu^er, Byveraibilile d« 
systyme oxyd.-ryd. des gluoides. C.R., 194, 888 (1932), 196, 1337 (1933) Lit, — 1363) fL m^rnmfmer, 
Nm Mager, L'^quilibre entr© les acMes lactique et pyruvique. C. R,, 195, 81 (1932). — 1364) ll« 
Wuntnser, Nm M&ger, Sur la reversibility de Foxydation de Facide ascorfoique. C. rend. seimci» 
Soc. de BioL, 121, 3 (1936). — 1365) B. Wurmser, N Muger, O* Cripg, Potentiel cFoxydtire- 
duction d© ia reduotone. Jl, d© CMm. Physique, 88, 101 (1986). — • 1866) S. YmmagtdcM, (Jber 
die Beeinilussung der Sauerstoffatmung von vemcMedenen Bakterlen durcli Blaiis&iir© uml K,oli- 
lenoxyd. Acta PhytooMmica, 8, 157 (1984), — & YmurngtOchi, Untersuchungen dber die intra- 
zellulare Indophenolreaction bei Bakterien. Acsta PhytooMmica, 8, 263 (1935). — 1368)4. ¥mmm^ 
mete, Einflu^ einiger Gift© auf die Atmui^, Bnergie etc. der Schimmelpike, Acte phytochim., 7, 
65 (1933). — 1369) M* Ymnamete, Stabihsierung des Vit. C durch Adrenalin. &, phyn. Cheiii., 
248, 266 (1936). — 1370) B. Zeite, Zur Einetik der Hydroperoxydspallung dtircli Porphyria* 
Metallkomplexsake. Zs. phys. Chem., 189, 127 (1930). — 1371) M^ZeUe, tlber die aJktive Gmpp# 
der Katalase, II. phys. Chem., 195, 39 (1931). — 1372) JK* ZeMe, Synthatischa Beitriige sur 
Komtitution des Cytochroms. L &. phys. Chem,, 207, 35 (1932). — 1872a} B* ZeMe, H&mln- 
haltige Fermente, Erg. Phys., 85, 498 (1933). — 1373) E* Zette, Schwermetallhaltige tleriisehe 
Oxydasen. Handbuch der Bioohemie, Erganzungswerk, Jena, 1, 544 (1933). — 1374) 
Mechanlsmus der Baueistoffaktivierung, Schwermetahkatalyse. Handbuch der Bioohemie, 
zungswerk, Jena, 1, 708 (1933). — 1375) & ZeUe, tJber die Bestimmung von Dtffualoiiafcdeffi** 


BIBLIdteAPHY 


309 


zienten iiocliniolekularer Korper und iiber einige Beobachtnngen bei der Diffusion' von Katalase., 
'Biocb. Z., 258, 347 (19BB). Notis zur obenstehenden Mitfceilung Bioob. Z. 156 (1938). — 
1376) K* Zetle, tlber Oytoohrom c. (IV Mitt.). Zs. phys. Cbem. 236, 212 (1935), — 1877) K* 
ZeUe^ M* MeMsirSm^ tlber die aktive Gruppe der Leberkatalase. Zs. phys. Gbem,,. 192, 171 
(1930). — 1378) ZeiMj, P. Piutti^ Synthetische Beitrage laur Konstitution des Cytoclironis II. 
Zs. pliys. Cbem., 218, 52 (1933). — 1B79) ZeUe^F. Reuter ^ tlber Cytocbrom C. III. &. phys. 
Ghein., 221,. 101 (1938). — 1880) N<, Zelinsky ^ Autoxydation von Cyclohexan durch Bauer- 
stoff. Ber. Deutsch. Chem. Ges. , 63 , 2362 (1930). — 1381) R» Zeynek^ tlber krystallisierfces Cyan- 
htooglobin. Zs. phys. Chem., 33, 426 (1901). — • 1382) Zilva el al.. Reversible enzymatic 
oxidation of Vitamin C. Biochem. Jl., 28, 668, 30, 1215, 31, 438 (1934/7). — 1383) jP. Zmker- 
9mnM^ (EMkermms)^ Eken bei der alkoholischen Garung. Bioch. Zs., 261, 65, 271,485 (1938). 



INDEX 


Abietinic acid, oxid. 68, 

Acceptor, aatoxidizable, 1, 85, 86. 

— catalysis 85. 

— catalysis, inlubitioB 88. 

— and cell hemins 86. 

— , decompos. products as 8. 

— ppleptials 12. 

— respiration 86, 108- 

— '‘Spemfity 16, 84, 

— , structure linked speoifity 87. 

— , thermodyn. permissible 12. 

— , toxicity 85. 

Acceptors s. a. dyes. 

Accessory respiration 258. 

Acetaldehyde, aerob. dehydr. 87- 

— reducase, protein bearer 225. 
Acetoacetic acid, as intermediate 254, 257. 
Acetobaeter 8, 88. 

Acetyl pyruvic acid 254. 

Aconitic acid 275. 

Activation of H 2 or 0^ 2, 

^ of hydrogen, theory 28 . 

, O 2 89. 

" Active centers 15. 

Adduct, O 2 - 15, 121. 

Adenine-Elavin dinucleotide 218- 

— nucleotides, cozymases 212. 
Adenosinetriphosphoric acid v. adenylpyro- 

phosphoric acid. 

Adenylpjrophosphoric acid 218, 222. 
Adrenaline, amino acids 106. 

— , oxid. 14. 

— , quinone 105. 

Adrenochrome 105, 118. 

Affinity and rate of reaction 90. 

Agon 134. 

d'Alanine oxidase, prosth. group 189 , 212 . 
Alcohol dehydrogenase, protein bearer 225 , 
— , dehydrogenase, oxytropic? 127 , 
Aldehyde, autox, 17, 

— hydrates, dehydrogen. 11, 129. 

— , mutase 88, 

Aldehydes, oxid. by metals 125. 

— , paracids 119. 

AMehydrase 129. 


Aidehydrase, oxy tropic? 127. 
Aldolase 180, 245. 

Algae, respir. by dyes 110. 

Alloxan 107. 

Alloxazines 185. 

— , cell respir. 114. 

Alloxazine proteids 196. 

Aminoacids, ' peroxides 69, 120- 
— , cell respir, 260, 

— , deamination 254. 

— , deamin. by quinones 105- 
— , oxid. catai. at charcoal 68, 
.Amino-oxhydrases 255. 

Aneurin 87, 199. 

Anthocyanes, carriers 117. 
Antioxidants 48, 1.21 , 
Apodehydrogenase 212. 

Apozymase 224. 

Arion rufus, pigment 117. 

Arsenite, oxid. by iron 128. 

Ascorbic acid, cell respir. 267'. 

, ehein. 208. 

■ — , Mesocatalyst 93, 

— , metal catai. 67. 

. — , oxid. by lieinins 81, 

— , peroxidat. oxid. 25. 

— oxidase 68, 94. 210, 267- 
— , thiols 98. 

' ■ Astacia 117. 

Asterinie acid 117. 

Auto'xidation, primary step 14. 

— Systems, combined (Wielsnd) 30. 
. Azotase 10. ■ 

Azotobacter, cytochrome? a 148. 

— , respir, term. 81. 

Bile pigment hemochromogeas 150. 
Biliverdin 15L 
Biliviolins 15L 

Benzaldehyde, oxid. by metab 125. 
Benzidine, Fe-eataL 71. 

BreakdoTO, stages of, genera! 242. 

*' 'Carbohydrates, breakdown 244. 



IHBBX 


311 


Carboiigase 48. 

Carbone monoxide, cell respir. '75. 

— , on fermentation 72. 

— , hemins 154. 

— , liemins, spectr. 1B5. 

— , metal catal. 7B. , 

— , oxid. 16 . 

— 5 oxid. by bemins 82. 

— , peroxidase 180. 

— , polypiienol oxidase 75. 

— , thiols 6S. 

Carbonic acid, cataiyt, prod. 242. 
Carboxylases 129. 

Carboxylase, animal tissues 251. 

— , chem. 198. 

— , protein bearer 208. 

Garbylamines, hemins 154. 

Carotenoids, peroxides 122. 

Carriers, cell. resp. 261. 

— , differ, role in main and access, respir. 268 
— , function of 268. 

— , contain heavy metals 84. 

— hydrogen transport. 268. 

— , operating anaerob. 262. 

~ and surfaces 264. 

Catalases 181. 

Catalase, chem. const. 172. 

— , CN^ 77. 

— , CO 76. 

— , B^02-complex 176. 
inhibit. 155, 

— as peroxidase 24. 

— , protein 174. 

schema of reaction 177. 

— , spectr. 152. 

— , valency change 76, 124. 

Catalatic decomp, of H 2 O 2 24. 

' — activity, Fe 70. 

— activity, heavy metals 26, 70. 
Catalysagen 106. 

Catalysis, heavy metal 16, 62. 

— by oxido-reduction 7. 

Catalysts as acceptors 8. 

— intermediary, v. Carriers, Mesooatalysts. 
Catatorulin 199. 

— test 207. 

Catechol oxidase v. Polyphenol oxidase. 

— , oxyd. by metal 66. 

Cathemoglobin 76. 

Cathepsin, activation 96. 

CeH potentials 58. 

— , table of 60. 

— respiration 258. 


Cell respiration via heininferment 259. 
— , normal, by dyes 110. 

— Warburg — Keilin — schema 41. 
Chain reactions, biol. 242. 
theory 44. 

Chlorella 84, 77, 260. 

Chlorocruorin 144. 

Chlorogenic acid 105. 

Chlororaphin 115. 

— chem. 282. 

Cholesterol, peroxid. activ. 27. 
Chromodoris 117. 

Citric acid catalysis. 274. 


I 


acid, metabolite 251. 


Cobalt, oxid. of kephalin 125. 

Cobalt ammines, catalysts 68. ’ 
Cocarboxylase, Vitamin B|-pyrophosphoric 
acid 87, 198, 205. ;/ 

Codehydrases, Codehydrogenases 87, 212. 
'^-Coenzymes, definit. 184. 
as prosthetic groups 87. 

— Warburg, chem. 212, 220. 

Coenzyme dehydrogenase v. Diaphorase. 

— factor V. Diaphorase. 

Complex formation, metal 21, 29. 

— iron systems, peroxid. effect 71. 
Complexes, macromol., catalysis 62. 
Cophosphorylase 212. 

— ' s. a. adenylpyrophosphorie acid. 

Copper, catal, ON' 77. 

— , glycolysis 72. 

— oxidases 90. 

— , peroxid. effect 71. 

— protein, in catalase 175. 

— protein, Polyphenoloxidase 149, 181. 
Cozymase 48, 212. 

— , constit. 214. 

— in breakdown of sugars 246. 

— , phosphatase 219. 

— , potentials 217. 

, properties 218. 

— , reversible hydrogen. 216. 

Cyanate, cell respir. 79. 

Cyanide ion, acceptor catal 88. 

— ion, ascorb. acid 67. 

— ion, fermentation 72. 

— ion, hemin systems 158. 

— ion, metal catal. 78, 76. 

— ion, polyphenol oxidase 188. 
ion, thiols 68. 

ion, xanthine oxidase 78. 

Cyanide resistant cell respiration 260. 
Cystein in cytochrome c 165. 





312 


mBBX 


OysteiBj, oxid. by Fe 22. 

— , oxid. catalysis 6B, 

Cysteinylglyem 65. 

Cytocbiome a, spectr. 148. 

— ag == bilmolm-bemocbromogen 151 . 

— c, nitric oxide 161. 

Cytochrome c, non antoxid. 41, 159. 
Cytochromes in cell respir. 268. 

— , chem. 158. 

—/go 154. 

— ,CN',"77,,154. . 

as dehydrogenase 127. 

— and glutathione 98. 

— , inhib. 154. 

— , mesocatalyst 84. 

— protein (amino acids) 168. 

— , potentials 160. 

—5 scheme of action 160. 

— ^5 Shibata’s theory 159, 

— » spectr. 142. 

Cytochrome-oxidase 85. 

— oxidase v. a. Hemine ferment. 
Cytoflav 184. 


Behydrases 4. 

Dehydroascorbic acid 209. 
Dehydrogenases 127. 

— , anoxytropic 85. 

— , CN^ 89. 

Dehydrogenation catalysis 1, 2- 
Desmolases, System 181. 

Desmolysis, general picture 241. 

— , oxybiontio 249. 
Diadenosin-tetraphosphoric acid 228. 
Dialuric acid 18, 107. 

Diaphorase 226. 

- — , cell respir. 264. 

Dihydrocozymase 216. 

— dehydrogen, by diaphorase 227. 
Dihydrovitamin B 1 204. 
Dihydroxymaleinic acid 18. 

— , dehydrog. by metals 72. 
Diketo-l-golonic acid 209. 
Dinitrophenols, respiration 112. 
Diphosphopyridme-nucleotide 218. 
Dipyridyl, Fe complexes 78. 

Donator 1. 

Donators, thermodyn. 99. 

Droseron 117. ; 

Dyes as acceptors, toxicity 108. 

— and anaer. metsboL 108. 

— and fermentation 110. 


Dyes and.hemin system 108. 
— and hemoglobin 109. 

— , respir. etc. of tumors-. 109* 
— , respir. of erythroe, 84. 


EcMnochrome 116. 

Electron Shifts 8. 

Embden-Meyerhof s schema of sugar break- 
down 245. 

Energetics and redox potentials 11. 

Energy chains 47. 

— ■ by reversible processes 241. 

Engler’s scheme 20. 

Enol-tartronic dialdehyde 211. 

Enolase 180. 

Bnolization of glucose, biol. 245. 

Entropy change 50. 

Enzymes, auxiliary 128. 

— of the first attack ISO. 

— of the main path 127. 

— and mesoeatalysts 87. 

Ipinaphrioe v, adrenaiine. 

Equilibria, Potentials 91. , 

Equilibrium Don. :?± Ace. 12. 

— mixtures, bioL 24B. 

Erythrocytes, respir. by dyes 84. 

Esterase, ascorbic acid. 210. 

Ethyl hydrogen peroxide, catalase 176. 


"""Patty acids, breakdown 256.' 

— — , dehydrogenases. 257. 

— — , oxid. by metals 125. 

— — , peroxides 17, 121* 

Perriheme 76. 

Ferroheme 76. 

Ferrous cysteine, GO 141, 

Flavin adenine nucleotide 189. 

— nucleotides 189. 

— ■ nucleotide, Xanthine oxidase 218, 
Flavins, potentials 195. 

Fiavinferment v. Yellow Enzyme. 

, Flavin phosphoric acid. 184. 

Muoride, peroxidase, 180- 
Free energy 12, 50, 

Fructose, catal. oxid. 66. 

Fumarase 129. '* 

Fumaric acid 251. 

— acid catalysis 268. 

— acid, hrevers. oxid* 278. 


V' 



INBEX 


318 


Glucide X 50. 

Glucose Oxidase S7. ' 

Glutamic acidj breakdown 255. ■ 
GlntatWone and ascorbic acid 98. 

— as carrier 95, 98,;; 

— , cell respir. 267. '''^' 

— and €0|!ymaso. 97. 
glyoxalas© 98, 244, 249. 

— , H-acc. 97. 

— , mesocatalyst 95, 98. 

— , oxid. by Cn. 65. 

— , oxid. by bemins 81. 
Giycerophospboric acid 245. 

Glycolj^is, 246, 259. 

Glykogen, pbospboryl. 245. 
Gljoxalase 129, 244. ' 


Haber- WillstMter theory 45. 
Hallacbrome 116. 

— , ehem. 288. 

Heavy metal cataL 19, 

— metal complexes 21. 

Hematin, free 179. 

— , free, in cells 80. 

Hemine catalyses, model systems 79. 

— catalysis, valency change 80. 

— catalysts, cbem. constitution 156. 
Hemines, absorption bands 148. 

— , CN'76. 

CO 135, 154. 

— , complexes with peroxides 80. 

— , green 15L 
peroxides 124. 

— , peroxid. action 124. 

— , peroxid. and catalat. 81. 

— , spectra 134. 

— , valency change 123. 

Hemin ferment, 40. 

— , constit. 166. 

— , direct spectrosc. 142. 

— , oxygenat. prod. 149. 

— , valency change 22, 40. 

Hemin systems, descr. 134. 

— , inhilitprs 158. 

Hemochromogens 76. 

Hemocyanil, 188. 

Hemoglobin, catalyses 82. 
Hemoglobin, CO,14?[* 

— Methemoglobin 88. 

— , oxid. by hemin 84. 

— , oxid. by methylene blue 88. 

— , semiquinones 104. 


Hepatoflavin 185. 

Hermidin 117. 

Heterogeneous systems, potentials 59, 
Heterophosphatese v, Phosphorylase. 
Hexokinase 180, 245, 

Hexoses, oxid. without cleavage "249. 
Hexose phosphates 245. 

Histaminase 256. 

Histidine, breakdown 255. 
Holodehydrogenase 212. 

Holoz 3 rmase, protein bearers 228. 
Homogentisic acid, carrier 118. 
Hormozymes 3. 

Hydratases 129. 

Hydrogen, activation, electron formulas^ 11. 

— electrode 50. , ; 

— transfer, biolog. 241. 

— s transport by carriers 268. 

Hydrogene peroxide, decomp, by Fe 28. 

— — , catalat. decomp. 26. 

— — , formation 22. 

— — , format, in model react. 81. 

— — from peroxides 28. 

— — , in bioL systems 32. 

— — , second, oxid. by 82. 

Hydrogenases 8, 130. 

Hydrokinases 4, 127. 

Hydrolyases 8, 130. 

Hydroxybutyric acid 254. 

Hydioxyiamine, catalase 79, 156. 


Imidazoihemochromogens 82. 

Index potential 101. 

Indicators, Table of 52. 

Induced reactions, Pe 29. 

Inhibitors, chain react. 48. 

Insulin, 8H groups 64. 

Intermediary catalysts v. mesocatalyste, 
carriers. 

Iron catalysis, amino acids 69. 

— , catalysis by valency change 20. 

— , peroxidase 178. 

— , systems 7. 

— -carbonyl compounds 141. 

' complexes, specific (Baudisch) 70, 

— -free respiration 86. 

— peroxides 128, 

— salts, peroxidat. action 125. 

Isatin, amino acids 105. 

— isatyd 107, 

Isocitric acid 275. 

Isonitrils, metal catai, 79. 



,314 


ikbbx 


Jiiglone 117, ' 239. 


Kepbalin, oxid- 125- 

Keto acids, disi3Qiiitation,^25B. , 

^ acids from amino acids 255. 
Ketoglntaric acid 253. 

cell respir. 275.." ^ 

Ketol, from acetoacetic acid 257. 
Ketooxidase . 252. ' ^ _ 

Kinetics and thermodynamics 92. 
Kryptohemin 171. 

Lapachol 117, 239. 

Lawsone 117, 239. 

Lomatiol 117, 239. 

Lnmichrome 186. 

Lnmiflavin 185. 

Lyochromes 185. 

Lactic dehydrogenase, with methylene blue 

86 . 

Lactochrom 184. 

Lactoflavin 184. 

Main Respiratiou^.258. 

Malic acid, cell respir. 268. 

Malonate, inhibitor 90. 

Malonic acid, cell respir. 268, 272. 
Manganese, catal., CN' 77. 

Melanoplus, dyes 110. 

Meriqninones 101. 

Mesocatalysts 41. 

— with heavy metal 84. 

— V. a. carriers. 

Mesoporphyrins 157. 

Metabolites as redox systems 241. 

Metals, peroxidat. action 128. 

Metal-free catalysis 85. 

Metals, heavy, in anaer. proc. 71. 

Metal, valency change 12^ 

— catalysis, inhibition m 

— catalysis, peroxides 12S. 

— catalysis, salts and complexes 62. 

— systems, peroxidatic effect 70. 
Methemoglobin 83. 

— format, by dyes 109. 

— , HjiOa 128. * 

— , HgOa-compiex 177. 

Methylene blue, autoxid. 13. 

— — respiration 108. 

Methylglyoxal, intermed. prod. 244, 249. 
— , disproport. 129. 


Methylglyoxal, mesocatal. 99. 
Methyloxidation 257. 
Moloxides 119- 
Morawitz cells 84. 

Mutases 129. ^ ^ 

Mntase, aldehydes 38.^,. 


Naphthoquinones, chem. 238. 
Nicotinic acid amide 212. 

' — potentials 217. 

Nitrate, Reduct. 10. 

— reduction, CO' 76. 

Nitric oxyde, cytochrome 161- 
— , fermentation 72. 

Nitrils, metal catal; 77. 
Nitrogenase 10. 

Nitro respiration 111- 
Nucleotide Ooenzymes 212. 


Oleic acid, oxid. 68. 

Omega-Subst. 106, ItT. 

Oyoverdni 117- ^ 

Oxaloacetic acid, cell rcspit.^ . 
Oxaloacetic acid, metabol. 251- 
Oxhydrogenases, 128. ^ 

'•.Oxidases, react, only with di. 

CO 75. 

Oxidation, ca, fatly acids 256- 
primary step 9. 

-reduction systems, reversible 
Oxidative catal, peroxides 118. 
'Oxidoreducase^s 127. 

Oxidorediietion, Theories 6. 
Oxybiontie desmolysis 249. 

Oxybiosis and oxygen uptake 262. 
Oxydo-elaidinic acid 121. 

^‘Oxygen activation 7, 14- 

activation, decstron formulas 19. 
— , addition 10. 

— , in cell respir- 262. ^ 

— , imfoMed'— 15.^ 

— uptake ill access, respir. 262. ^ 
Oxygenases-Baeh 118. 

Oxygenation 17- '* 

Oxyhemoglobin 17. 

Ozone hydride 19- 


Parahematias 76. 

Pasteur effect, glutathione lt9. 



INDEX 


315 . 


Penfcacyano-aqiio-ferriate 104. 

Peracids 18,, 119, ' 

Perhydride theory 28, 

v"' Peroxidases ...7,., 128,. .18L' 

Acc.-Spec. 88. ,:r 
— , chem. 178.. ■ .■ ' 

— , GN' 77. " 

— complex 180. 

— , inhibit, 155. 

— , spectr. 142, 15B. 

— , theory 25. 

Peroxidatic activ., hemin systems 88* 
Peroxidatic effect, heavy metal systems 70. 
— , second, oxid. 24. 

Peroxide, Fe 20. 

” formation 17. 

Peroxides, cataL via 118. 

— ^5 heavy metals 12S. 

— , organic 17, 119. 

Phenazines 228. 

Phenole, antioxid. 48. 

Phenyienediamine, carrier 111. 

Pheohemins 167. 

— , respir, ferment 169. 
Pheophorbid-hemins 167. 

Pheron 184. 

Phoenicein 116. 

Phosphates, cell respiration 261- 
Phosphatide, oxidat. action 122. 
Phosphatides, oxid. 125. 
Phosphoglyceraldehyde 246. 

Phosphoglyceric acid 244. 
Phosphohexokinase 180. 

Phosphohexonic acid 249. 

Phosphohexonic acid, mesocatalyst 99. 
Phosphopyravie acid 244. 

Phosphorolysis, carbohydr. 246. 

Phosphorus free breakdown 244. 
Phosphorylase 130. 

. — , phosphatase 228. 

Phosphorylation, carbohydrates 244. 
Photochemical absorption spectra, theory 
^ 186 .' : , , ■■ 

Photodissociation, carbonyl complexes 74. 
Photoflavin 186. 

„ Phthiollll 415, 287. 

Pigments, natural 118. 

Plumbagin 117. 

Polyphenol oxidase, CN' 77. 

— , Ou 90, 181. 

Porphyrin e, unmodified 168. 

' of cytochrome c 164. 

Porphyrins, constit. 157. 


Potentials, heterogen, systems. 59. 

— indicators 52. 

— ladder, cell respir. 268. ' , V 
normal, 50, lOL 

' Potentials and rate-' of reaction ,91 , 
Primarstoss (Wieland) 29. 

Proline, oxid. 260. 

Propionic ■ acid, , formation from methyl- 
glyoxal 254. 

'^l^rosthetic group, raise of potential 58. 
Proteins A, B 224. 

— SH-groups 64. 

Protoferriheme in enzymes 145. 
Protoporphyrin 157. 

Purines, dehydr. by oxytrop. ciehydr. 127. 
Pyocyanine, autoxid, 85. 

— , ceil respir. 114. 

— , chem. 228. 

— semiqu. 101. 

Pyridine ferments 48. 

— nucleotides 87. 

Pyxocatechoi, quinone 119. 

Pyrophosphate, inhibitor 79, 
Pyrophosphoric acid, complex form^ 67. 

"'^ Pyruvic acid, in breakdown 24 

— — _in, cell, xespir., 262., 

— — dehydrogenase, Vit. 207, 252. 
, HgOg 24, 25, 120, 252. 

— — , key subst. of oxyhiosis 249. , 

— — , oxid. decarboxyl. 250. 


Quinhydrones 101. 

Quinoid redox systems 17. 
Quinone catalyses 99. 

— formation 18. 

Quinones ' as ,, oxygenases'' 119. 


Sadical, seiiiiquinones 100. 
Eeaction chain 22. 

Eed body, from tyrosine 116, 288. 
Eedoxin 59. 

Eedox potentials, 4. 

— ^ Systems, table of 58. 
Eeductinic acid 211. 

Eeductones 210. 

Eesidual respiration, ON' 86. 
•=s.-S&p’iratory ferment, spectr. 184ff 

HCN, CO etc. 158. 

. — • — v. a. Hemin- ferment. 

— pigments, 87. 

— quotient 258. x 



816 ' 


INDEX 


■''Bespiratioii without lermeiitation 250. 
-rBeversible ' and irreversible phases in break- 
down 278. 

Eh 51. • 

Ehodoporphyrin 158, 

Eiboflavin 114, 185, 

— phosphoric acid 189. 

— semiquin, 104, 

— synth, 187. 


Sehardinger enzyme, alloxazine 197, 

, 0N':89. 

— — , flavin nucL 218. 

88 . 

Semiquinones 45, 100. 

— , alloxazines 186. 

— , eozymase 217. 

— , dimerization 108. 

Semiqumoid radical, pyocyanine 231. 
Shibata’s theory 27. 

Sodium azide, catalase 156. 

— , inhibitor 79. 

Spirographis hemin, constit, 167. 
Spirographis hemin, spectr. 144. 

Starch, phosphoryL 245. 

Status nascendi 91. 

— — , biol. 248. 

Sterols, oxid. by hemin 125. 

— peroxides 122. 

Strecker- reaction 107. 

Succinate :;i± fumarate 18. 

Succinic acid, from acetic acid 243, 250. 

— — from butyric acid 257. 

— — from glutamic acid 255. 
Suecinodehydrogenase, GN^ 89* 

— pyrophosphate 272, 

Sugars, catal. oxid. 66. 

Sulfate as acc. 10, 

Sulfbydryl compounds v. Thiols. 

Sulfides as inhibitors 79. 

Symplex 1S4. 

Szent-Gyorgyi's theory of cell respir, 268. 


Thermodynamics and kinetics 2, 
Thermol 112. 

Thiamin 87, 199. 

Thiazol, ViiEi 199. 

TMochrome 208. 

TMoglycolie acid, oxid* 65. 

Thiols, anaer. dehydr* by metals 71* 
— , complex formation 63* ^ 


Thiols, complexes, CO':^^75. 

ThioL groups, proteins 64. 

Thiols, HgOg 71. 

— , mesocatalysts 95, 

— , oxid. by hemins^ Sl* 

— , peroxides 122. 

— , S-S group 'as acc. 97. ■ 

Toxoflavin 116. 

— , chem. 238.' 

Trigoneliin 216. 

Tripbosphopyridiiie iiueieotide 213. 

^ Y. a. coenzjnie Warburg. ' 
Triosephosphoric acids 245, 271. 

Trioses, catal. oxid. 67. 

Tryptopiiane dehydrogennise 255. ' 
Tumors, respir., dyes 109. 

— tissue, 110 fiimaric catal. 27 L 
Two-step oxidatioB, kiiieties 104. . 

Tyrin 118. 

Tyrosine :ii± red body 118; v. a. red body. 


Uriease, access, respir. 259, 
— , H 2 O 2 38. 


¥aleaey change 19. 
Terdohemochromog'en 81, 160, 159* 

— , in catalase prep* 176, 

Violaceiii 115. 

¥itamines as prosthetic group 184* - 
Titamin Ep Carbo.xyhise 87, 198, 205* 

— B| pyropiiosphoric acid 207. 

— Bg (G), chem. 185, 

— . 0, V. ascorbic acid. 

Yilazyim« 3, 184* 188. 


Xanthine oxidase, alloxiiziiie 196* 
Xanthopterin 286. 


Yeast, respir* by dyes |10. 
Yellow Enzyme 42. , 

— , m acceptor 118. 

— in cell respir* 259, 26L 
— , ehem, 184, 


Warburg's theory 6. 

— — , development 39. 

Wieland*8 theory 6. ' 

— ™, deveiopmenf- 27. 


MDBX 


Yellow' ©nzymeSy class of 197. 

— engfyme, oytochrom© 266. 

— — j dissociation 192- 

— ' — , 'bydrogen transport 265. 

— , Enfe betw. agon and pheron 196. 
• — — ^ pnrific 191. 4" 

~ — , protein bearer 191. 

— ■ — -5 respiration, bacteria 266. 

, oxid* by cytochrome 262. 


317 

Yellow-enzyme, potentials 195.. ^ 

— — , semiqninon© 88.,; ■ 

— — , spectr. 194., 


Zinc, peroxid. effect 71- 
Zinc salts, catal. oxid* 68. 
Zwischenferment (Warbnrg) 42. 



